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APPLYING A LAND SYSTEMS APPROACH TO DESCRIBE AND 
PARTITION SOIL AND FOREST VARIABILITY, SOUTHERN 
MAMAKU PLATEAU, PART OF KINLEITH FOREST, NEW ZEALAND 
By Reece Blackburn Hill 
Kinleith Forest is a P. radiata dominated plantation forest situated on the edge of the 
Taupo Volcanic Zone in the central North Island, New Zealand. Approximately 35000 ha 
of the forest is situated on the southern Mamaku Plateau. The aim of this study was to 
determine the spatial structure of soil variability and integrate an analysis of the growth, 
productivity and nutrient variables for P. radiata to ascertain the detail of soil information 
appropriate for plantation forestry. A land systems approach, using generic and specific 
soil-landscape models and hierarchical landscape analysis, provides the framework for soil 
mapping. The approach is scale-flexible and lends itself to implementation of site specific 
forest soil, nutrient and health management practices. 
The southern Mamaku Plateau consists of five superimposed Late Quaternary welded 
ignimbrites with the Mamaku Ignimbrite (c. 220 ± 10 ka) being the uppermost. Aeolian 
coverbeds consisting of predominantly loess and rhyolitic tephras mantle erosional surfaces 
formed in ignimbrite bedrock. Four episodes of strath cutting and valley incision into 
ignimbrite are recognised from the sequence of overlying loess and tephra coverbeds. The 
basal loess and/or tephra on the erosion surfaces denoting the cessation of each episode of 
strath cutting and valley incision are: (a) pre-Rotoehu loess, (b) pre-Kawakawa loess, (c) 
Rotorua Tephra, and (d) Taupo Ignimbrite. 
The four episodes of strath cutting and valley incision can be synthesised into five 
topographically recognised stages of landform evolution. Landform evolution stage (I) is 
represented on the upper Mamaku terrain and stage (V) on the lower Mamaku terrain. In a 
revised coverbed distribution model the oldest coverbed sequence is recognised on hill and 
terrace land components on the upper and lower Mamaku terrain. The coverbed 
stratigraphy together with its soil stratigraphic interpretation and soil-landform 
relationships has been used to map nine land systems. Soil-landscape relationships and 
forest variability are described and analysed within the U3 complex land system. The U3 
complex land system comprises Oruanui and Mamaku simple land systems, each with a 
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common recurring pattern of hillock, ridge, flat and ravine land components, situated on 
the upper Mamaku terrain. 
Soil and regolith variables were partitioned at progressively finer levels of hierarchical 
landscape subdivision to ascertain spatial variability structure. Taupo Ignimbrite thickness, 
topographically controlled over short range (lOs of metres), and a rainfall (leaching) 
gradient over a longer range (lOOOs of metres) were identified as the main factors 
controlling soil variability. Land components within simple land systems effectively 
represented the variability. Simple and composite soils formed in Taupo Ignimbrite veneer 
deposits over yellowish-brown beds (collectively <2.5 m thick) dominate the U3 complex 
land system, with soils showing varying expression of podzolisation. 
The structure of spatial variabili~y of foliar nutrient concentration differs between foliar 
nutrients N, P, Mg, K and B. Complex land system for foliar N, P, Mg and K, and simple 
land system for foliar B were appropriate grainsize for amelioration purposes. Within U3, 
foliar P was deficient and foliar Mg was marginal with a high probability of deficiency. 
Forest productivity was measured using site index, basal area index and volume index. 
Basal area index was the most effective indicator of forest productivity variability. Spatial 
variability was best partitioned by land components. Spatial variability of foliar nutrients 
and forest productivity indices were not structured in the same way, indicating a weak 
correlation between foliar nutrient variables and forest productivity. 
The relationships between P. radiata and soil chemical properties were established by a 
pot trial for soils on the flats within U3. Principal Component Analysis (PCA) identified 
the main effects on P. radiata shoot growth and nutrient uptake as nutrient availability, P 
sorption and Mg inhibition. Podzolisation, although evident in the soil morphology, was 
not shown to significantly influence shoot variables. Shoot dry weight and height were 
significantly greater for seedlings grown in A horizons compared to seedlings grown in the 
Bw and BC horizons in Taupo Ignimbrite and buried Bw horizons in yellowish-brown 
beds. The nutrient availability effect was most apparent in A horizons, while the Mg 
inhibiting effect and P sorption effect were responsible for limiting shoot growth in the 
Taupo Ignimbrite and yellowish-brown beds respectively. 
A nutrient availability index (NAI), developed from the pot trial and soil horizon 
stratigraphy, was calculated for hillock and flat land components in the Oruanui and 
Mamaku land systems. Poor correlation between NAI and site productivity (basal area 
index) reaffirmed the influence of non-soil related factors on forest productivity variability. 
iii 
The land systems approach effectively partitioned soil and forest spatial variability at 
different levels of resolution. However, soil and soil-induced forest variability are not 
strong because of the homogenising effects of widespread aeolian (including pyroclastic) 
coverbeds. 
Implementing a scale-flexible mapping approach, such as land systems, would provide a 
basis for improved inventory data collection, and management of forest soils, nutrients and 
health in Kinleith Forest. 
Keywords: soil variability, soil-landscape models, aeolian coverbeds, rhyolitic tephras, 
loess, Taupo Ignimbrite, strath cutting, landform evolution, land components, land systems, 
composite soils, foliar nutrient concentration, forest productivity, nutrient availability, 
forest soils. 
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CHAPTER ONE 
General introduction . 
. 1.1 Background to the study 
The Soil and Site Productivity Group at Forest Research, Rotorua is involved in 
researching the relationships between soils and Pinus radiata D. Don (P. radiata) 
productivity, principally in the central North Island region but also elsewhere in New 
Zealand. The research is funded as part of a Public Good Science Fund contract 
(,Sustainable Forestry') and within a project funded by a consortium of forestry companies 
(Forest Site Management Co-operative). Their work has involved studying permanent 
sample plots and the relations of forest growth to soil conditions. There is a desire to 
extrapolate information gained from permanent sample plot data to whole forests but this 
has been hamstrung by the lack of quality soil information. 
Over recent years forestry companies have been convinced of the need for more detailed 
soil information within their forests than can be extracted from existing soil maps. Carter 
Holt Harvey Limited has reacted by mapping the soils within Kinleith Forest at a scale of 
1:100 000 (Rijkse 1994). While this is an improvement on the current situation, it is 
predicted that forest management could be further refined with more detailed soil maps. 
Increasing the soil map scale also exponentially increases the costs and time required 
completing the survey (Dent and Young, 1981). A less costly option is to apply the 
existing information at a finer scale, referred to as disaggregation by McBratney (1998). 
However, this is likely to result in the production of meaningless interpretations for forest 
management unless effective rules are used for disaggregation that recognise the finer scale 
nature of soil variability (Bui et al., 1999a; Bui et al., 1999b). 
Therefore, it is not only important that the most appropriate soil map scale be 
determined in order to minimise costs, but it should also represent the spatial structure of 
soil variability, and incorporate the scale restrictions imposed by the application of forest 
management practices. -
Because conventional soil survey presents soil information at a single scale it is unlikely 
that the scale will be meet all these requirements. A more useful "soil map" would be one 
that is flexible and can operate at different scales. A land systems approach, incorporating 
hierarchical landscape analysis and soil-landscape modelling, provides a means by which 
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soil infonnation can be presented over a range of naturally defined scales within the soil-
landscape hierarchy (Hewitt, 1993a). 
1.2 Aim 
This study aims to determine the spatial structure of soil variability and integrate an 
analysis of the growth, productivity and nutrient variables for P. radiata to ascertain the 
detail of soil infonnation appropriate for plantation forestry in part of Kinleith Forest, 
central North Island, New Zealand. 
Christian and Stewart, (1953) and (1968) developed a land systems approach for rapid 
reconnaissance survey and inventory of land resources over extensive areas at a 
reconnaissance scale. They defined a land system as an area or groups of areas with a 
recurring pattern of topography, soils and vegetation and unifonn climate. I have adopted a 
land systems approach, incorporating hierarchical landscape analysis and soil-landscape 
modelling because it can be readily applied to different spatial scales of soil variability. 
1.3 Hypothesis 
The hypothesis of the study provided direction and fonnation of the study objectives. 
• Soil and forest variables are spatially structured and can be effectively partitioned by 
a scale-flexible (land systems) mapping approach. 
1.4 Objectives and organisation of the thesis 
The thesis is written as chapters, each of which pertains to a component study within a 
greater study. 
Objective 1: To define land systems for the southern Mamaku Plateau based on a soil 
stratigraphic interpretation of the geomorphic history, and soil-Iandfonn 
relationships. 
Chapter 2: 
An evaluation of a land systems approach and its application on the southern 
Mamaku Plateau, part -of Kinleith Forest, New Zealand. 
The method of collecting and presenting spatial soil infonnation used in this study, the 
land systems approach, is described. I also present a critical review of the terminology and 
concepts applied in collecting and presenting spatial soil infonnation and the terminology 
and definitions of soil-landscape modelling in New Zealand as they relate to this study are 
clarified. 
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Chapter 3: 
Land systems, coverbed-regolith and soil distribution on the southern Mamaku 
Plateau, part of Kinleith Forest, New Zealand. 
A· revised soil stratigraphic interpretation of the geomorphology and Late Quaternary 
erosion history of the southern Mamaku Plateau is presented. The coverbed stratigraphy 
together with its soil stratigraphic interpretation and soil-landform relationships are used to 
map land systems which provide a soil-landscape stratification framework to be used for 
the application of forest management practices. The land systems are also used in Chapters 
5 and 6 to stratify P. radiata foliar nutrient and productivity data respectively. 
Objective 2: To redefine and reclassify a selected land system on the southern Mamaku 
Plateau. 
Chapter 4: 
Land systems, coverbed-regolith and soil distribution within the U3 complex land 
system on the southern Mamaku Plateau, part of Kinleith Forest, New Zealand. 
A single land system is selected for finer-grain analysis of the soil-landscape. Specific 
soil-landscape models are developed to describe the relationships between soil variables 
and landforms. The spatial variability of regolith (coverbeds) and the soils is determined in 
relation to the landforms. The factors influencing the soil pattern are interpreted. The 
selected land system is reclassified accordingly. The land system and its land components 
are used in the chapters 5 and 6 to stratify P. radiata foliar nutrient and productivity data 
respectively. 
Objective 3: To determine the nature and sources of forest nutrient and productivity 
variability in relation to the soil-landscape on the southern Mamaku Plateau. 
Chapter 5: 
The spatial variability of Pinus radiata D. Don foliar nutrients in relation to the soil-
landscape on the southern Mamaku Plateau, part of Kinleith Forest, New Zealand. 
The spatial variability of selected P. radiata foliar nutrients is determined at different 
grain using soil-landscape stratification. The factors influencing foliar nutrient variability 
are interpreted. Foliar nutrient levels are provided for inclusion in land systems definitions 
presented in Chapters 4 and 8. 
3 
Chapter 6: 
The spatial variability of Pinus radiata D. Don productivity indices in relation to the 
soil-landscape on the southern Mamaku Plateau, part of Kinleith Forest, New 
Zealand. 
The spatial variability of selected P. radiata productivity indices is determined at 
different scales using soil-landscape stratification. The factors influencing productivity 
index variability are interpreted. Productivity data are correlated with foliar nutrient data 
from Chapter 5 to identify relationships between the two sets of forest variables. 
Objective 4: To determine the relationship between soil chemical properties and P. radiata 
nutrient and growth variables. 
Chapter 7: 
The availability of nutrients from soil profile horizons within the U3 complex land 
system, southern Mamaku Plateau, part of Kinleith Forest, New Zealand. 
The relationships between soil horizon nutrient status and growth and foliar nutrient 
status of P. radiata seedlings are detennined and described in terms of the factors driving 
the bioavailability of nutrient from the soil. The study also provides the data for the 
development of a nutrient availability index in Chapter 8. 
Chapter 8: 
Synthesis and summary. 
The conclusions from Chapter 3 are summarised. Forest nutrient and productivity data 
are collated and incorporated into land system definitions. A nutrient availability index is 
developed for estimating forest productivity based on the soil-plant nutrient relationships 
established in Chapter 7, and combining soil-landscape models from Chapter 4 and forest 
productivity data from Chapter 6. The effectiveness of the land systems approach as a 
method of determining appropriate soil map scale is discussed. Suggestions for future 
research and recommendations for forestry are presented. 
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CHAPTER Two 
An evaluation of a land systems approach and its application on the southern 
Mamaku Plateau, part of Kinleith Forest, New Zealand. 
2.1 Introduction 
Over the past 15 years in New Zealand there has been a decrease in soil survey and the 
resultant acc~mulation of soil resource infonnation. The value of soil resource infonnation 
is not easy to quantify and assign a dollar value to the benefits. 
An increased number of policy requirements stemming from the Resource Management 
Act (1991) and the Resource Management Amendment Act (1993) have led to a greater 
requirement for land use monitoring and a consequent need for soil and land resource 
infonnation. An absence of soil infonnation at appropriate scales can lead to incorrect or 
unwise land use decisions. In addition, forestry companies have recently attempted to 
increase profits by increasing productivity and the intensity of land use. This requires soil 
survey and land resource assessment to rank the productivity of sites in relation to soils, 
plantation species selection and silviculture. 
Developments in soil resource studies have provided more refined and cost effective 
methodologies, interpretation and data presentation. 
In this chapter I examine some of the presently held assumptions, and discuss the rationale 
for using a land systems approach in favour of conventional soil survey as a way of 
collecting and presenting soil and site resource infonnation for the management of 
plantation forestry. I also outline a framework for the assessment of the soils and 
landscape for use in Kinleith Forest on the southern Mamaku Plateau. 
2.1.1 Soil map units and landscape complexity 
The majority of soil mapping on the Mamaku plateau has been carried out at the 
reconnaissance scale Rijkse (1979; 1994). At this scale "association" and "complex" soil 
mapping units represent areas where the soil pattern is respectively predicable and not 
predictable in relation to the landscape respectively. Generally these map units were 
favoured where the scale of the soil map did not allow delineation of more detailed soil 
boundaries. 
Thus far, the soil mapping of the Mamaku Plateau has followed the convention for soil 
map units outlined in Taylor and Pohlen, (1979). The assumption used by Taylor, (1979) 
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was that for areas such as the Mamaku Plateau, where steep slopes dominated the 
landscape, the soil complexity increased with steepness. This assumption and the logistics 
of covering difficult ground (such as steep and forested landscapes) were incorporated into 
the definition of hill soils and steepland soils. Taylor and Pohlen's definition (1979, p 141) 
for these soil mapping units is provided below. 
Hill soils and steepland soils are special mapping units, " ... used in order to permit soil mapping 
at a reasonable pace, to avoid over-multiplication of series names, and to express the relation between hill 
soils and their counterparts on rolling or steep slopes where this relationship cannot be properly expressed by 
phases. Where the angle of the slope varies but the parent material and other soil-forming factors are 
reasonably uniform, there is generally a gradation of soil properties that is correlated with the angle of the 
slope; the soils can be arranged in a simple toposequence which on areas of hilly and steep land gives rise to 
somewhat intricate yet predictable patterns of soils. Thus in most places the soils on rolling land are well 
developed and reasonably uniform; those on the hilly land are more varied, some being rather similar to the 
soils on rolling land and others less developed; and those on the steep land are still more varied, with a 
greater proportion of soils that lack well developed horizons. 
By convention, complexes of this kind with soil patterns dependent upon a single toposequence are not given 
composite names. Generally on hilly terrain they are named after their rolling counterparts if these exist, and 
on steep land they are named according to the modal soil of the steep slopes (with angles of slope ranging 
approximately from 28 to 38 degrees)." 
This definition implies soils are part of a catenary gradient where throughflow, landscape 
stability and time are dominant soil forming factors. The soils of the southern Mamaku 
Plateau are formed in a uniform aeolian coverbed-regolith dominated by Taupo Ignimbrite 
(c.1850 yrs B.P.) overlying earlier Holocene tephras. The soils are well drained and there 
is little evidence of a reductimorphic features. Given the short time frame for soil 
development, there is no evidence to support or reject the presence of a soil catenary 
gradient. In effect, the soil pattern is governed more by the variability of the coverbed-
regolith, primarily that associated with the emplacement of Taupo Ignimbrite which varies 
predictably in thickness with topography (Wilson and Walker, 1982) but does not become 
more complex with increased steepness. 
It has also been generally assumed that by increasing the soil map scale the resolution of 
the delineated soil pattern is also proportionally increased. This would only hold true if the 
soil map scale encompassed the variability of the soil pattern. The hypothetical example 
below, (Figure 2.1) shows the variability of two soil patterns, one relating to a landscape 
complex over a short range, the other variable over a longer range. The example indicates 
that only a small proportion of the variability for soil pattern A will be explained at the 
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selected map scale, whereas a higher proportion of the variability for soil pattern B will be 
explained. 
100 
Percentage of 
explained 
ariability in the 
soil pattern 
selected mapping scale 
+---- Finer map scale 
Figure 2.1. Theoretical distribution of soil pattern variance explained in relation to soil mapping scale. 
The variability of the soil pattern is not always obvious within the complexity of the 
landscape. An apparently simple landscape, such as an alluvial floodplain, may have a 
complex soil pattern resulting from the temporal transgression of channels across its 
surface. Landscape complexity and the temporal and spatial controls within the landscape 
are fundamentally important to the variability and delineation of the soil pattern. 
2.1.2 Scale 
There are some issues to be considered when determining the soil map scale to be used for 
forest soil management: 
1. The soil mapping units should express the spatial complexity of the soil pattern; 
2. The most appropriate soil map scale will match the resolution at which the intended 
management practice can realistically be applied (i.e. the minimum management 
unit). 
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2.1.3 Cost 
Bie and Beckett, (1971) showed that as soil map scale increases so too does the number of 
soil observations required. Therefore as the scale at which the pattern is sampled increases 
so does the cost of the survey. In Bie and Beckett's (1971) equation, if map scale is 
increased by a factor of n, field effort rises by around n1.6 and total survey costs by n1.4 • 
Therefore, doubling the scale of the survey would raise the field effort required by a factor 
of three and the cost by 2.6 (Dent and Young, 1981). Note that these estimates for effort 
and costs were based on a small grid survey and therefore should be regarded as 
maximums for a survey. 
What is not accounted for is the complexity of the landscape and regolith distribution 
(which will determine the logistics of the survey) and more importantly, the soil 
stratigraphy and the complexity of the soil pattern. The more complex the soil pattern the 
more observations required to decipher it, and the greater the cost. Therefore, accepting 
that the costs of survey increase as suggested by Bie and Beckett (1971) it should be 
realised that this is greatly dependent on the complexity of the landscape and regolith, with 
costs increasing with complexity. For example, the soil pattern in an aeolian regolith 
would be comparatively more uniform than that formed in colluvium regolith. Therefore 
the observations required to decipher the latter would be greater and so too would the costs. 
In a report for Forestry Tasmania in Australia, Grant et al. (1994) found their State Forest 
soil survey (1: 100 000 scale) cost $A2.50 per hectare while ad hoc surveys cost around 
$All per hectare. This equated to 0.25 % and 1 % of plantation establishment costs 
respectively. If we conservatively estimate the information in a soil survey to be valid for a 
minimum of 50 years then the cost per hectare is negligible. For agricultural land Gunn et 
al. (1988) estimated that a 2 person team would take a year to map 151400 hectares at a 
scale of 1:100 000. Theoretical estimates for costs and effort (person days hectare-I) for a 
soil survey of Kinleith Forest are presented in Table 2.1. 
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Table 2.1. Time and costs associated with different map scales for the mapping of Kinleith Forest, Tokoroa 
Progress (ha yr'!)! 
Area covered by observation! 
(ha observation-I) 
Costs ($ ha-!)3.4 
Time to complete survey 
(years) 
Number of observations2 
Total cost ($000) 
Costs as a percentage of 
plantation establishment costs5 
! Gunn et at. (1988) 
2 Grant et al. (1994) 
3 Bie and Beckett (1971) 
4 Dent and Young (1981) 
1:10 000 
1150 
1 
56 
121 
129000 
7224 
9% 
Soil map scale 
1:25000 1:50000 
5000 15000 
6.25 25 
15.6 6.5 
28 9 
20640 5160 
2012.4 838.5 
3% 1% 
5 van Rossen (1995). Based on the mean 1993 costs per hectare for plantation establishment. 
1:100000 
450002 
100 
2.5! 
3 
1290 
322.5 
<1% 
These data are estimates only. Costs and progress will vary from survey to survey 
depending on the complexity of the landscape, access, vegetation, the availability of 
mapping resources such as aerial photographs and the experience of the surveyor. 
An important point to note in Table 2.1 is that the cost of soil survey (in percentage terms) 
relative to the costs of land purchase and plantation establishment are small even at the 
detailed mapping scale of 1:10 000. This contradicts the presently held view that soil 
survey is expensive. The use of this argument for adopting a land systems approach is 
difficult to justify as there is limited information on the cost of such survey methods. 
2.2 A land systems approach 
2.2.1 Background 
The concepts of the land systems approach share similarities with the relationships between 
the soil and landform described by Milne (1935) as the soil catena, and the integration of 
site and soil factors recognised by Jenny (1941). Jenny (1941) stated that the soil was the 
result of climate, topography and organisms interacting upon parent material over time. 
Christian and Stewart, (1953; 1968) developed the land systems approach for rapid 
reconnaissance survey and inventory of land resources over extensive areas at a 
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reconnaissance scale. They defined three tenns: simple land system, complex land system 
and compound land system, presented in Table 2.2. 
Table 2.2. Land system tenns as defined by Christian and Stewart (1953; 1968) 
Land system tenn 
Simple land system 
Complex land system 
Compound land system 
Definition 
Composed of clearly definable land units! which 
recur in association to fonn a simple recurring 
pattern. 
A combination of two or more simple land systems 
that are geomorphogenetically related. 
A combination of two or more simple land systems 
that are not geomorphogenetically related. 
! The tenn land unit is equivalent to the land component in this study. 
The land system approach is valuable in that it allows the channelling of further effort into 
areas where it can be most rewarding (Christian and Stewart, 1953). The results of 
experiments or tests can be applied to other parts of the same land system and the approach 
may also provide the basis for stratified sampling in subsequent studies. 
Gibbons and Downes (1964) highlighted features that distinguished the land systems 
approach from conventional soil survey. 
1. All environmental features relevant to the land-use are considered. 
2. Mapping units are at different scales and are determined on the basis of repetitive 
pattern. Diagrams are used to describe features. 
3. Aims to provide infonnation quickly. 
4. Each stage of mapping provides a certain kind of infonnation (akin to different soil 
survey map scales). 
The land systems approach redefined by Lynn and Basher (1994) incorporates these 
concepts. They state that physiographic differences are the primary criteria for delineating 
land systems assuming that, in a similar climate, geology will provide a characteristic 
assemblage of landfonns and soils reSUlting in a typical pattern of vegetation. 
Technically the two defined methods differ but the approach and concepts remain 
consistent. Both methods place emphasis on the landfonn rather than the integration of 
environmental parameters. It is suggested the tenn hierarchicallandfonn analysis is more 
appropriate for Lynn and Basher's (1994) approach and it will be used in my study. 
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A land systems approach is conceptually broader than conventional soil survey 
incorporating the sub-disciplines of soil geomorphology and related aspects of 
geomorphology and geology. These concepts do fonn the basis for conventional soil 
survey but are not fonnalised whereas in a land systems approach the relationships between 
the soil, landfonn and the environment are described explicitly (Table 2.3). 
Table 2.3. A comparison of soil survey and soil-landscape modelling (SLM) techniques 
Features 
UseofSLM 
Scale 
Cost 
Benefit 
Scale at which soil 
information is supplied 
Variability 
Conventional soil survey 
Informal 
Scale dependent 
Increases exponentially with scale 
and observations 
Assumed to increase with intensity 
of mapping 
Scale chosen to meet land 
management requirements 
Point data extrapolated to map units 
Land systems approach 
Explicit 
Scale independent 
Increases with landscape 
complexity 
Model transferable to similar 
landscapes 
Case studies used to develop 
synthetic SLM ("multi-scale") 
Defined between and within 
landform delineations 
In my study the land systems approach and associated terminology have been derived from 
the studies of Christian and Stewart (1953), Gibbons and Downes (1964), Christian and 
Stewart (1968), Peterson (1981), and Lynn and Basher (1994). There remains some 
conjecture regarding the definition of the tenns used for the various landscape delineations. 
What should be considered when assessing the different methods and tenns used is that the 
landscape is an array of nested physiographic units, their extent and the scale of variability 
of factors affecting them (such as climate and regolith) differs from region to region or 
country to country. Also the resolution at which they are viewed in each study is 
determined by the requirements of the survey to meet the land management needs. This 
has lead to discontinuity in terminology associated with the land systems approach and to 
avoid confusion for the survey user it is .important to recognise that tenns of the same name 
may be defined differently. 
For example, within the definition of a land system used by Gibbons and Downes (1964) a 
land system comprises land units. These may be characterised by similar geomorphology, 
or by other features such as climate which can vary independently and are reflected in 
dependent variables such as soils or vegetation. This definition is in conflict with that of 
Christian and Stewart (1953). They defined a land system as an area or groups of areas 
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with a recuning pattern of topography, soils and vegetation and unifonn climate. The 
boundary of a land system is determined by a change in the pattern. In fact it is the land 
unit of Gibbons and Downes (1964), delineated using any feature of the environment, that 
is equivalent to the simple land system defined by Christian and Stewart (1953). The land 
system defined by Gibbons and Downes (1964) is equivalent to the complex and 
compound land systems of Christian and Stewart (1953), (see Table 2.2 and Figure 2.3 for 
explanation of complex and compound land systems). 
There appears to be no definitive terminology to follow and it would be favourable where 
possible to adopt a single agreed framework as has been proposed by Lynn and Basher 
(1994) for use in New Zealand (Table. 2.4). 
Their attachment of scale to defined units contradicts the purpose of using a hierarchical 
approach in that landfonns are not determined or constrained by scale. In fact, identical 
landfonns can occur at different levels and may be nested within each other. In my study 
the attachment of a scale is avoided in the hierarchal analysis and soil-landscape model 
stages. 
Table 2.4. The proposed hierarchy, terms, unit definitions and appropriate scales of use for land systems 
mapping in New Zealand (Lynn and Basher, 1994) 
Term Definition Examples Scale 
Land province Major geomorphic zone, an Axial mountains and 1:500000 -
assemblage of surface forms associated intermontane basins 1:1000000 
expressive of large scale 
lithological association(s) 
Land region Geomorphic zone, macrorelief Mountain range, lowland < 1:250000 
unit. plains 
Land system Recurring pattern of topography, Floodplains, fans; sand dune 1:50000-
soil dominance, and vegetation complex; glacial 1:100000 
with a relatively uniform climate, moraine/outwash complex; 
and the area of validity of a given soft rock hill slopes 
predictive soil-landscape model 
Land component Genetically uniform with Terrace tread, terrace riser, 1:10 000-
similarity of age and surface summit, back slope, foot slope 1:50000 
materials 
Land element Area between break or inflection Upper back slope, microdune, > 1:10 000 
in slope channel, bar 
I have adopted their approach but also employ the extended definitions of complex and 
compound land systems described by Christian and Stewart, (1953; 1968). These have 
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been incorporated into the methodology to acknowledge associations that exist between 
land systems within the landscape. 
2.2.2 Hierarchical landform analysis 
Hierarchical landform analysis was used by Peterson (1981) for classification of 
intermontane-basin landforms in the Basin and Range Province, Western United States, to 
help locate both soil associations and individual soils in the landscape. Landforms were 
classified morphogenetically using the shapes, genetic relations and geographic scales of 
the topographic forms. The terms commonly associated with hierarchical landform 
analysis are given in Lynn and Basher (1994). Lynn and Basher (1994) subsequently 
reinterpreted Peterson's (1981) definition as the stratification of the landscape on the basis 
of landforms; natural units (in terms of origin, processes and form) separated by visual 
criteria. Partitioning of the landscape using hierarchical landscape analysis is the first stage 
of the land systems approach. 
2.2.3 Soil-landscape models 
Soil-landscape models, as defined by Lynn and Basher (1985) are conceptual models that 
emphasise the distribution of soil within readily identifiable physiographic components of 
the landscape. What does constitute a soil-landscape model? 
A list of soil-landscape studies was compiled by Webb (1994). The majority of soil-
landscape studies have been conducted on hilly and steep lands. All studies involve some 
form of landscape delineation, usually based on landform, topography or slope (Webb, 
1994). Lacking in these studies was the recognition and description of the relative 
influences of temporal and spatial factors in determining the soil and regolith patterns in 
relation to landform. In most cases, description of the geomorphic processes controlling 
soil-landscape relationships was minimal or non-existent, resulting in two-dimensional 
static models. 
When designing soil-landscape models a common framework and terminology is 
imperative. This helps place an individual study within the context of the whole soil-
landscape system or sub-system (Tonkin, 1994). Physiographic entities are delineated 
within the landscape and their spatial relationships determined. The next step is to 
examine the regolith and soil pattern to determine the relationship between their evolution 
and the landform, including some explanation of the temporal and spatial organisation 
(Tonkin, 1994). 
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Soil-landscape modelling should take a holistic approach, integrating and expressing 
recurring themes that govern soil-landform relationships (Tonkin, 1994). This differs from 
the thinking of Lynn and Basher, (1994), who suggested that a soil-landscape model be 
specific to one land system. 
This conf1ic~ suggests the need to redefine soil-landscape models in terms of their context. 
First, the value of soil-landscape models must be explored. Tonkin (1994) believes they 
provide a framework that allows us to examine a new study with a priori knowledge, 
promoting increasingly more efficient land resource assessment. For example, if we 
examine a drainage basin in two different localities the same general soil-landscape models 
may apply. The degree to which they are specifically applicable will depend on the local 
environment. In this situation a specific soil-landscape model as defined by Lynn and 
Basher, (1994) can be developed. 
2.2.4 Re-defining the soil-landscape model 
This study proposes using the terms generic and specific for the two types of soil-landscape 
model (defined in Table 2.5). In essence, generic soil-landscape models provide the a 
priori knowledge and framework, as suggested by Tonkin (1994), for developing specific 
soil-landscape models for new study areas. 
Table 2.5. Proposed definitions and descriptions of the types of soil-landscape models 
Term 
Generic 
Specific 
Definition 
Conceptual models, holistic 
in approach, identifying soil-
landscape systems with 
similar readily identifiable 
physiographic components 
of the landscape. 
Conceptual models 
emphasising the distribution 
of soil within readily 
identifiable physiographic 
components of the 
landscape. 
Applicability 
Used to describe soil-
regolith-landform 
relationships common to 
more than one climatic zone. 
Specific model describing 
the soil-landform 
relationships within a zone 
of uniform climate (ie. 
unique to a land system). 
Example 
Temporal and spatial 
controls on regolith and soils 
for drainage basins formed 
in felsic parent materials 
derived from sandstone and 
siltstone (Tonkin, 1994). 
Hurunui and Haldon land 
systems (Tonkin, 1984). 
Other examl?les of generic soil-landscape models include conceptual models of Conacher 
and Dalyrymple (1977) and Minasny and McBratney's (1999) quantiative, mechanistic 
model. The generic soil-landscape model relies on soil geomorphology, combining 
stratigraphic evidence with process geomorphology to reconstruct landscape evolution. 
This provides a means to stratify the landscape into units and construct descriptive soil-
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landscape models, based on the age, nature and stratigraphy of surface materials and the 
soils formed in them. 
The rationale behind the specific soil-landscape model originates from the land system as 
defined by Lynn and Basher, (1994). The specific soil-landscape model is unique to a 
simple, complex or compound land system. 
2.3 Previous studies of landform classification on the Mamaku Plateau 
There have been two main studies outlining the geomorphic history and soil-landscape 
relationships for Mamaku Plateau landscape, Kennedy (1994), Bakker et ai. (1996) and 
Bakker (1997). Kennedy (1994) used tephro-chronology to determine a model for the 
distribution of coverbed sequences and geomorphic features on the Mamaku Plateau. Four 
zones were identified with age and completeness of the· coverbed sequence decreasing 
towards the centre of the Mamaku Plateau. 
Bakker et ai. (1996) and Bakker (1997) classified landscape types according to valley form 
using aerial photograph interpretation and field observation, as well as a digital elevation 
model (DEM) on a geographic information system (GIS). 
Bakker et al. (1996) and Bakker (1997) identified six landscape types on the Mamaku 
Plateau, of which three types pertaining to the western part of the Mamaku Plateau (WI, 
W2, and W3) were within the boundary of this study. 
The WI landscape type was characterised by a gradual increase down valley in width and 
depth and a relatively lower drainage density. The plateau surface is dissected and valleys 
are narrow. Landform W2 had wide valleys and characteristic large, south facing, concave 
slope segments, referred to as cuspate features by Kennedy (1994). In the W3 landscape 
type the valleys were slightly narrower with wide flat valley floors. Rock outcrops on the 
valley sides were a characterising feature of the landscape type. 
The thickness of the coverbed sequence was greatest on the plateau surface within each 
landform type and decreased towards the centre of the plateau in general accordance with 
the findings of Kennedy (1994). In most instances, both authors noted a sharp contact 
between the aeolian and debris mantle regolith and the Mamaku Ignimbrite bedrock 
indicating an erosional bedrock surface. 
15 
2.4 A framework for the southern Mamaku Plateau 
The approach used in this study incorporated the concepts and terminology from various 
sources discussed previously in the chapter (Christian and Stewart, 1953; Christian and 
Stewart, 1968; Lynn and Basher, 1994; Tonkin, 1994). 
A land systems approach was used to delineate and describe the soil pattern in relation to 
the landscape. An aeolian system model provides the framework for constructing generic 
soil-landform models at the coarse scale (between land systems), and specific soil-
landscape models at the fine scale (within land systems). 
The first step was the hierarchical delineation of the landscape into physiographic units. 
This was done using morphometric criteria and reconnaissance field observations of the 
landscape and soils. They formed the basis of the broad-scale landscape analysis (Figure 
2.2). Generic and specific soil-landscape models were used to describe the relationships 
between bedrock, regolith and the soils, from which land systems were defined. 
The fine-scale landscape analysis involved the detailed description of soil-landscape 
relationships (specific soil-landscape models) within a land system to redefine it as either a 
simple, compound or complex land system (Figure 2.2). A unique soil-landscape model 
defines a simple land system. A compound land system consists of a recurring-pattern of 
two or more physiographic ally unrelated soil-landscape models, as opposed to a complex 
land system in which the soil-landscape models are physiographic ally related. Land 
systems were classified by testing the applicability of the initial soil-landscape relationships 
in another part of the land system. If the soil-landscape relationships described in the 
validation area were not in agreement with other areas within the land system, the 
definition and extent of the land system required re-examination. The flow chart in Figure 
2.3 describes the process for defining simple, complex and compound land systems in this 
study. 
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Physiographic units 
Delineated using morphometric 
criteria and reconnaissance field 
observations . 
." 
Soil-landscape relationships 
described using generic and 
specific soil-landscape models. 
,ir 
Land systems defined . 
." 
Soil-landscape relationships 
described within a land system 
using specific soil-landscape 
models. 
~ . .-__________ L-______ ~ 
Simple land system 
Defined by a unique soil-
landscape model. 
., 
I LSI I 
Compound land system 
Delineated using two or 
more physiographically 
defined but umelated soil 
-landscape models. 
Complex land system 
Delineated using two or 
more physiographically 
defined and related soil 
-landscape models . 
, ." ~ 
L--LS_I -II IL--L_S2----11 ~ 
Figure 2.2: The process of land system classification used in this study. 
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.. 
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.. 
I Soil sampling, analysis I .. I 
... 
I Classify soils I 
Specific soil-landscape model 
does not fit but land 
components are the same 
Redefine as a complex land 
..... system . ............ 
Hierarchical landfonn 
classification 
.. 
Define initial land systems and their 
land components by reconnaissance 
survey using generic and specific 
soil-landscape models 
.. 
Select areas within land systems 
to construct soil-landscape 
models 
• Field observations to establish 
soil-landscape relationships 
Derived relationships between 
soil profile classes and landscape 
position 
• Compile specific soil-landscape 
model for land system(s) 
• Test model in other areas ofland 
system 
.. 
Compare predicted and observed 
soil profile classes 
... 
Accept model 
.. 
Assign median properties for 
dominant soil profile classes 
.. 
Assign soil profile classes and 
property values within the redefined 
land system 
~. 
...... 
Specific soil-landscape 
model does not fit and 
land components are 
different 
Redefine as a 
compound land system 
or different simple land 
system 
Figure 2.3. The process of developing soil-landscape models and defining land systems for this study 
(adapted from Basher et ai., 1995). 
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For the larger study region specific soil-landscape models will describe only broad and 
general relationships within provisional land systems. These models are explicit and 
untested, but should provide an adequate framework for subsequent detailed studies as 
suggested by Christian and Stewart, (1968). Specific soil-landscape models will be 
developed for a selected land system on the upper part of the southern Mamaku Plateau. 
Table 2.6 outlines the hierarchical landscape divisions defined and used in this study. 
Table 2.6. The hierarchicallandscape divisions of the southern Mamaku Plateau 
Term (descending 
increase in landscape 
division) 
Land system 
Land component 
Land element 
2.5 Conclusions 
Basis for division 
A group of individual, 
recognisable landforms 
and associated soils, 
vegetation and climate 
Individual, recognisable 
landform 
Portion of a landform 
component 
Dominant model types 
Descriptive and 
qualitative 
Descriptive and 
qualitative 
Descriptive and 
qualitative 
Example 
Recurring pattern of 
hillock, flat, ravine and 
ridge land components 
Hillock 
Upper slope 
The complexity of soil-landscape relationships within a given landscape determines the 
scale of mapping necessary to delineate the soil pattern. The appropriate soil map scale is 
one which provides a meaningful spatial partitioning of soil and meets the requirements of 
the minimum management unit prescribed by the intensity of land management. 
A land systems approach, using hierarchical landscape analysis and soil-landscape models 
to provide soil information has been promoted as a more cost effective survey method. At 
present this statement can not be substantiated. For determining the soil pattern over a 
short range, a land systems approach is potentially more efficient provided landscape 
features are identifiable and predictable in pattern. The method formalises the concepts 
used informally in conventional soil survey and provides a visual means to interpret the 
soil pattern according to changes in the landscape. 
The construction of generic soil-landscape models provides a priori knowledge for the 
study of similar settings in different regions, whereas specific soil-landscape models 
describe soil-landscape relationships within land systems within a region. The value of 
specific soil-landscape models lies in providing specific descriptions of soil-landform 
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relations, the interpretation of which can greatly enhance detailed land resource assessment 
and application of site specific land management practices. 
A land systems approach incorporates soil geomorphology and soil stratigraphy concepts 
via the construction of soil-landscape models. This provides a greater understanding of the 
temporal and spatial factors influencing evolution of the soil-landscape. The interpretation 
of these relationships ultimately enhances land resource assessment. 
Unlike conventional soil survey where the application of soil information to forest 
management is limited by map scale, a land systems approach allows for a multi-level 
analysis of soil-landscape. 
2.6 General statement 
During the early stages of this project discussions were held with staff at Carter Holt 
Harvey Forests Ltd. in Tokoroa. They were having difficulty in interpreting and applying 
the results of the 1:100000 scale soil map (Rijkse, 1994). The main problems highlighted 
were: 
1. Unfamiliarity with the concepts of soil map units and soil taxonomic units; 
2. An absence of any intuitive understanding of soil map unit boundaries in terms of 
the landscape; 
3. Technical difficulties in recording complex and compound map units; 
4. The 1: 100 000 soil map unit boundaries were being used on 1: 10 000 scale 
management maps. 
This project needed to provide an understanding of the soil pattern and present the 
information in an explicit form, accessible to subsequent researchers and forest users. 
Given the size of the study area (-35 000 hectares) it was essential to apply a practical 
framework. 
There are a number of possible approaches to soil-landscape modelling, some involving 
terrain analysis using a· DEM. In this study, a DEM of sufficient resolution was not 
available and it was not within the scope of the study to construction one. A land systems 
approach encompassing soil-landscape modelling was adopted in this study. 
This approach expresses the soil pattern in terms of visually and remotely recognisable 
land features at two different levels of spatial resolution. At the coarser level, land systems 
are used and at the finer levelland components are the land features used. The quality of 
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the association of the soils with the landscape (land systems and land components) was 
quantified using statistical and geostatistical analysis of soil variability. Visual recognition 
was seen as an important feature of the land systems approach adopted, because in practice 
a forest manager will work in the field and from the computer screen. The approach also 
retains the explicit methodology fundamental to soil-landscape modelling. 
Forest nutrition and productivity studies were designed using stratified sampling at 
different levels of spatial resolution within the land system hierarchy. This approach 
assumes that It the variability of foliar nutrients and forest productivity can be related 
directly to land components and their associated soils. 
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CHAPTER THREE 
Land systems, coverbed-regolith and soil distribution on the southern 
Mamaku Plateau, part of Kinleith Forest, New Zealand. 
3.1 Introduction 
Kinleith Forest is on the edge of the Taupo Volcanic Zone, east of Tokoroa in the 
central North Island. Nearly one quarter of the forest is on the southern Mamaku Plateau, 
covering an area of approximately 35 000 hectares to the south of State Highway 5 (Figure 
3.1). The southern Mamaku Plateau increases in elevation from 200 mASL along the 
western margins to 700 mASL in the south east, providing for a strong topographic 
gradient. Rainfall generally increases with altitude from 1400 mm year- l at lower 
elevations to 2400 mm year- l at higher elevations (Rijkse, 1994). 
The Mamaku Plateau formed from a series of superimposed ignimbrites the oldest, the 
Ongatiti ignimbrite, dating back to 1.21 ± 0.04 Ma (Houghton et ai., 1995). The Mamaku 
Ignimbrite (0.22 ± 0.01 Ma, Houghton et ai., 1995) contributed greatly to the present 
physiography of the Mamaku Plateau. The southern Mamaku Plateau is characterised by a 
dissected upper region, broad interfluves and valleys widening at lower elevation. Aeolian 
deposits of loess and tephra form a near continuous mantle over the study area and in 
places are in excess of 5 m thick (Vucetich and Pullar, 1969; Kennedy, 1988). The most 
recent eruption from the Taupo Caldera produced the Taupo Tephra Formation deposits 
dated at 1850 ± 10 14C yrs. (Froggatt and Lowe, 1990). The soils in the study area are 
predominantly formed in Taupo Ignimbrite, a member of the Taupo Tephra Formation, 
overlying predominantly rhyolitic composite tephras deposited during the Holocene. The 
thickness and distribution of these deposits largely determines soil pattern, as do 
podzolisation soil forming processes which are a feature of the soils at higher elevations on 
the upper part of the Mamaku Plateau. In this study I employ a land systems approach to 
delineate and describe landscape pattern, the distribution of loess and tephras, and soils 
within the study area. Land systems are initially identified by physiographic criteria. Field 
reconnaissance survey observations are combined with recent studies of ignimbrite 
stratigraphy (Lynch-Blosse, 1998), geomorphology (Kennedy, 1994; Bakker, 1997), loess 
and tephra distribution (Kennedy, 1988; Kennedy, 1994; Bakker, 1997), and soil pattern 
(Rijkse, 1994) on the Mamaku Plateau to define land systems. 
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Figure 3.1. Study area on the southern Marnaku Plateau, Kinleith Forest, North Island, New Zealand. 
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The background to the land systems approach used has been discussed in Chapter 2. 
The following review of the literature focuses on the bedrock geology and stratigraphy, 
valley side processes, coverbed-regolith stratigraphy, and soil development and 
distribution on the southern Mamaku Plateau. 
3.2 Review of literature 
3.2.1 Generalfeatures afignimbrites 
An ignimbrite is defined as the rock or deposit formed from pumiceous pyroclastic 
flows, irrespective of degree of welding or volume (Sparks et ai., 1973). Ignimbrite 
thickness and extent generally decrease from source but are primarily a function of the 
volume of the pyroclastic flow and the energy with which it was distributed (Wilson, 
1986a). High-energy flows produce low-aspect ratio ignimbrites. These flows have high 
velocities, Wilson (1985) suggests a velocity of 250-300 ms-1 for the Taupo Ignimbrite, 
and extend radially outward, irrespective of topographic obstacles. Low-aspect ratio 
ignimbrites commonly pond in lower relief to produce valley ponded ignimbrite, and thin 
on sloping topography to produce ignimbrite veneer deposits (Walker et ai., 1981a; Wilson 
and Walker, 1982). The majority of ignimbrites consist of multiple flow units, each 
representing the passage of a single pyroclastic flow (Wright et ai., 1981; Wilson, 1986a). 
The degree of welding in ignimbrites is determined by the glass viscosity which is 
dependent on temperature and composition and lithostatic load, which is in turn dependent 
on the thickness of the deposit (Wilson, 1986a; Cas and Wright, 1988). Generally, 
ignimbrite will weld more closer to source where flow units are thick and temperatures can 
be in excess of 500°C (Wilson, 1986a). If multiple flow units are hot enough and 
deposited in quick succession they act as a single isothermal mass cooling to produce a 
single cooling unit (Wilson, 1986a). A single unit consists of a top layer, and middle layer 
and a base layer (Wilson, 1986a). The base and top layers are usually less welded than the 
middle of the flow unit because the cooler ground and air act as heat sinks, reducing 
temperature and the degree of welding (Wilson, 1986a). Associated with welding are 
cracks and joints that form as the cooling ignimbrite contracts. The rate at which the 
ignimbrite cools determines joint spacing which decreases as the cooling rate increases 
(Wilson, 1986a). 
3.2.2 Late Quaternary ignimbrite stratigraphy 
Detailed studies of the Late Quaternary ignimbrite stratigraphy for the southern 
Mamaku Plateau have been confusing and contradictory (Table 3.1), due largely to 
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correlation discrepancies arising from spatial variations in lithological characteristics such 
as colour, degree of welding and appearance of pumice (Bakker, 1997; Lynch-Blosse, 
1998). 
There are anomalies in the ignimbrite stratigraphy between studies. The Chimp 
Ignimbrite has been revised by Lynch-Blosse (1998) and the earlier name of the Waihou 
Ignimbrite used by Fransen (1982) is reinstated. Not all ignimbrites were recognised in 
each study and in the case of the Waimakariri Ignimbrite the stratigraphic position differs 
between the studies by Fransen (1982) and Lynch-Blosse (1998). The Waihou Ignimbrite 
is now understood to overly the Waimakariri Ignimbrite (Lynch-Blosse, 1998). The most 
recent ignimbrite stratigraphy of Lynch-Blosse (1998) is adopted in my study. 
Table 3.1. Summary of ignimbrite stratigraphy of the southern Mamaku Plateau (Lynch-Blosse, 1998) 
Ignimbrite stratigraphy (youngest at top) for named studies 
Martin, (1961) Fransen, Houghton et Keiller, (1987) Karhunen, Lynch-Blosse, 
(1982) al. (1987) (1993) (1998) 
Mamaku Mamaku Mamaku Mamaku Mamaku Mamaku 
" 
Waimakariri un-named Pokai Pokai Pokai 
ignimbrite 
Waihou Chimp Chimp Waihbu 
Waimakariri 
Whakamaru Whakamaru Whakamaru Whakamaru Whakamaru Whakamaru 
The descriptions in Table 3.2 highlight the variability between the ignimbrites. The 
ignimbrites differ considerably in source, volume, age and lithological constitution. These 
factors largely determine their distribution and stratigraphic positioning. 
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Table 3.2. Characteristics of ignimbrites of the southern Mamaku Plateau (from Lynch-Blosse, 1998, unless 
otherwise stated) 
Ignimbrite Origin and distribution 
Mamaku Rotorua Volcanic Caldera; upper 
surface of the Mamaku Plateau; 
'extensive arc SW to NNE, centred 
on Lake Rotorua; maximum 
thickness of 180 m, thinning to 20 
m to the west. 3 
Pokai Kapenga Volcanic Centre4; From 
State Highway 5 along the western 
flanks of the Mamaku Plateau. 
Waihou Kapenga Volcanic Centre; 
sporadic distribution resulting 
from erosion; two separate areas; 
north-east of Ngatira; south ofTe 
Whetu. 
Waimakariri Distributed north, west and south 
of the Rotorua Volcanic Centre; 
diminishes from north to south on 
the western Mamaku Plateau at 
Sutton Road. 
Whakamaru .Caldera in the northern Taupo-
Maroa area; voluminous and 
widespread. 
! Houghton et at. (1995) 
2 Healy (1962) 
3 Nathan (1976) 
4 Karhunen (1993) 
5 Based on field evidence, Lynch-Blosse (1998) 
General lithology 
Weakly to densely welded, crystal 
and lithics poor; grey or pinkish to 
mauve coloured matrix, some 
pumice extensively vapour phase 
altered to fine powder and easily 
weathered. 
Densely to partially welded, grey 
to dark grey; sandy matrix; orange 
to light brown pumice; lithics rich 
and crystal poor. 
Poorly welded; creamy white to 
pale pink; pumice and crystal 
poor; plagioclase dominates with 
some dark elongated mafics; 
variable lithics; fine grained. 
Partially to densely welded with a 
dark sandy black matrix; abundant 
light orange to grey pumice; 
moderate amounts of quartz and 
plagioclase crystals and dark 
coloured lithics. 
Ranged from soft to densely 
welded; pale grey to grey; lithic 
rich, pumice and crystal poor. 
Age (rna)! 
0.22 ± 0.Q1 
Not 
available 
0.29-0.275 
Not 
available 
0.32 ±0.02 
The detailed descriptions, revised stratigraphy and geological maps provided by these 
studies are used to further explain the changes in landscape pattern observed in this study. 
Variability in the lithology, welding and thickness within individual ignimbrites is 
apparent (Fransen, 1982; Keiller, 1987; Karhunen, 1993; Bakker, 1997; Lynch-Blosse, 
1998). This variability has been shown to be instrumental in determining valley side 
processes and valley development on the Mamaku Plateau (Bakker, 1997). 
3.2.3 Valley-side processes and valley development 
Bakker (1997) concluded that hillslope processes and resulting slope morphology were 
related to the presence of vertical jointing and joint spacing and, in the absence of any 
jointing, the intact resistance of the ignimbrite and the topography. Essentially, 
topographic situation referred to the vertically adjoining ignimbrites (immediate ignimbrite 
stratigraphy). Bakker (1997) constructed an ignimbrite properties process model, IPP, 
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integrating ignimbrite properties and topographic situation to explain the hillslope 
processes observed in the field (Figure 3.2). 
Toppling was the predominant process determining slope morphology for jointed 
ignimbrites. The intact resistance of the underlying ignimbrite further determined whether 
topples occurred as single columns (high resistant strength), or as multiple columns 
following undermining (low resistant strength). Ignimbrite with joints spaced at >10 m 
behaved as unjointed ignimbrites. For these ignimbrites rock mass strength was controlled 
by intact resistance (Bakker, 1997). Throughflow erosion and soil creep on straight slop~s 
were the dominant hillslope processes for extremely low resistance ignimbrite. Flow 
failures and throughflow erosion on convex slopes dominated when adjacent slope 
elements were inconsequential. For medium resistance ignimbrite, block slides resulted 
when undermining occurred, otherwise transitional slides dominated hillslope processes. 
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00 
Vertical jointed ignimbrite with 
joint spacing <05 m or 1-3 m 
Low and high-
resistance 
ignimbrite 
Undermined 
by ignimbrite 
with lower intact 
strength 
Not influenced 
by adjacent 
slope elements 
Capped 
by more resistant 
ignimbrite and 
covered by 
colluvium 
Ignimbrite jointing properties 
Extremely low-
resistance 
ignimbrite 
Unjointed ignimbrite or joints 
spaced at >10 m 
Low resistance-
ignimbrite 
Topographic situation 
Undermined 
by scarplet 
maintained by 
rock topples 
Undermined 
by ground water 
seepage 
Not influenced 
by adjacent 
slope elements 
Figure 3.2. Model of valley-side development on ignimbrite terrain (Bakker, 1997). 
Medium 
resistance-
ignimbrite 
Undermined 
by ignimbrite 
with lower intact 
strength and 
ground-water 
seepage 
Not influenced 
by adjacent 
slope elements 
The interactions provided in the IPP model (see Figure 3.2), are complicated in the field 
by the variability of welding and jointing within the ignimbrites, and their sequence. For 
instance, toppling was the predominant process for jointed Pokai Ignimbrite. However, 
unjointed, extremely low-resistance ignimbrite associated with the lower part of the Pokai 
Ignimbrite (Bakker, 1997) was also observed. Throughflow hillslope processes persisted 
when the more resistant jointed Pokai Ignimbrite unit capped the lower unit. 
The jointing properties of the ignimbrites and their topographic situation do vary across 
the area of this study and more than one hillslope process can be associated with a single 
ignimbrite (as described in Figure 3.2). 
Bakker (1997) identified the presence of a debris mantle on the steep valley back slopes 
in deeply incised valleys. In the studies of Kennedy (1994) and Bakker (1997) there was 
no indication of ignimbrite bedrock weathering and formation of bedrock regolith. The 
descriptions provided by Kennedy (1994) indicated that the ignimbrite bedrock was an 
erosional surface overlain by loess, sands and tephras. 
3.3 Concepts and terminology of the coverbeds and regolith development 
3.3.1 Terminology 
In this study the aeolian sediments that overly the ignimbrite bedrock are collectively 
referred to as coverbeds. I define coverbeds as fine textured sediments, usually silts and 
sands, deposited by processes other than fluvial and gravitational to form a para-
conformable mantle over existing topography. The sediments comprising the coverbeds 
have undergone varying degrees of weathering and soil development. In my study I refer 
to the weathered coverbeds as the coverbed-regolith. 
3.3.2 Topdown and upbuilding soil development 
The coverbeds in the southern Mamaku Plateau landscape are aeolian and aggrade by 
incremental deposition of sediments to produce a stratigraphy of loess and intervening 
tephras. Soil formation is corrimonly viewed as topdown, where soil development is the 
culmination of processes acting on a pre-existing body of sediment (or rock) to increase the 
depth of soil development with time (Simonson, 1959; Duchaufour, 1977). For an 
aggrading landscape, topdown soil development is not appropriate (Raeside, 1964) and 
upbuilding soil development (Johnson, 1987), is considered more representative of soil 
formation processes. In upbuilding soils, the soil below the current A horizon (subsoil 
horizons) has experienced soil development processes similar to the horizons above it 
within the soil horizon sequence (i.e. all parts of the soil have formerly been an A horizon). 
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Soil devdopment on the southern Mamaku Plateau is more correctly viewed as a 
combination of upbuilding and top down soil development because sediment additions are 
both slow and intermittent. 
Soil development within the coverbed-regolith is identified by cycles of upbuilding or 
topdown soil development, or alternating phases of upbuilding and topdown soil 
development. The frequency of sediment deposition and the thickness of the sediments 
deposited determine whether soil development is predominantly upbuilding or topdown. 
On the southern Mamaku Plateau the coverbeds consist of predominantly tephras or 
loess. Tephras are deposited either as thick (>10 cm) additions over a short duration (e.g. 
Taupo Ignimbrite), or as thin «10 cm) intermittent additions (e.g. Holocene tephras). 
Loess deposition is considered to be by continuous accretion. For continuous and 
intermittent deposition, soil development progressively modifies the sedimentological 
fabric to form a soil fabric. In this circumstance, upbuilding soil development 
predominates. As sediment accretion diminishes, relative to soil development, topdown 
soil development predominates. Where tephras have been deposited over a short duration, 
top down soil development continues until subsequent burial. The frequency and thickness 
of depositional events therefore determines the extent of topdown soil development. A 
critical thickness of about 10 cm prevents incorporation of the sediments into the existing 
soil and results in the formation of tephra marker beds. These display minimal pedogenic 
alteration (e.g. Rotoehu Ash). A thickness of about 60 em is required for topdown soil 
development to produce a simple soil profile in tephra marker beds (e.g. Taupo 
Ignimbrite). In this study three models describe soil development in relation to sediment 
accretion (Figure 3.3). The models represent soil development in loess (continuous thin 
accretion), composite tephras beds (intermittent thin accretion) and tephra maker beds 
intermittent thick accretion). 
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Topdown soil development 
(a) Soil development for continuous, thin «10 em) sediment accretion (loess) 
Upbuilding soil development ~ 
(b) Soil development for intermittent, thin «10 em) sediment accretion (composite tephra beds) 
Topdown soil development 
·.·.c·.·. 
c. 
(c) Soil development for intermittent, thick (> 1 0 em) sediment accretion (tephra marker) 
Figure 3.3. Soil development models for loess and tephra. 
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3.3.2.1 Hypothetical soil development model 
The model presented in Figure 3.4 shows the resulting soil profile forms for each of the 
soil development models. In loess, composite soil profile forms arise from polygenetic soil 
development (upbuilding soil development followed by intervals of topdown soil 
development) with a Bw horizon overlying a weakly developed B horizon. The topdown 
soil development involves the development and thickening of the Bw horizon, and 
Allophanic or Brown Soils eventuate depending on the duration of soil development and 
the clay weathering pathways (parfitt et al., 1983). In the coverbed-regolith topdown soil 
development may be represented by buried Bw horizons. The recognition of these buried 
Bw horizons is accentuated by the relative increasein the proportion of the andesitic tephra 
component relative to loess sediments (predominantly rhyolitic), incorporated during 
cycles of topdown soil development. Similar occurrences have been documented in the 
west of the North Island by Alloway et al. (1992) and Palmer et al. (1995). 
For tephras, intermittent thin «10 cm) accretion produces composite soil profile forms 
consisting of multiple B horizons underlying an A horizon. The relatively short intervals 
between depositional events (~2000 years for the Holocene tephras) prevents soil 
development beyond that of a weakly developed B horizon and Allophanic Soils with a 
thickened B .horizon eventuate. For intermittent thick accretion (tephra marker beds) both 
simple and composite soil profile forms evolve, depending on the thickness of the tephra 
deposited. Composite soil profile forms occur when the deposited tephra is about 10-60 
cm thick. In tephra marker beds thicker than 60 cm a simple soil profile develops. 
Topdown soil development will continue to produce Pumice Soils (~2000 years) and 
Allophanic Soils (~4000 years?), depending on the length of the period prior to burial. 
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decreasing thickness of tephra 
Figure 3.4. Hypothetical model of soil development and soil profile form for loess and tephra. 
3.3.3 Soil stratigraphic interpretation o/the coverbed-regolith 
The varying thickness of soil stratigraphic features and the relative dominance of 
upbuilding and top down soil development in these features within the coverbed-regolith 
(i.e. loess, intermittent deposition of thin tephras and thick tephra marker beds) manifest as 
simple and composite soil stratigraphic features. These soil stratigraphic features are used 
to identify the sequence of coverbeds overlying erosional bedrock surfaces and determine 
episodes of strath cutting and valley incision into the ignimbrite bedrock. The basal loess 
and/or tephra directly overlying the erosion surface denotes the cessation of each episode 
of strath cutting and valley incision. The soil stratigraphic interpretation of coverbed 
distribution .in relation to landforms developed in the ignimbrite bedrock is used to 
reconstruct the geomorphology and Late Quaternary erosion history on the southern 
Mamaku Plateau. 
3.4 Coverbed-regolith and stratigraphic features 
3.4.1 Loess and associated sands 
The term "loess" has been applied generically to any fine-grained aeolian deposit 
irrespective of its original provenance (Williams et al., 1998). In my study I consider loess 
to be a soil sediment, whereby all sediments have experienced some soil alteration either 
by upbuilding or topdown s.oil development processes. Loess consists of a lower zone, 
with a weakly expressed soil fabric (interpreted as representing upbuilding soil 
development), grading into an upper zone with a more strongly expressed soil fabric 
(interpreted as top down soil development, accentuated by gradual additions of andesitic 
tephras high in Fe and Mn bearing minerals). 
Loess was first recognised in the region by Vucetich and Pullar (1969) and partially 
mapped by Pullar and Birrell (1973). In contrast with loess from other parts of New 
Zealand, loess in the central North Island is composed predominantly of reworked rhyolitic 
tephras. Two main sediment sources have contributed to the loess of the Mamaku Plateau: 
fluvial aggradation surfaces on the lowlands to the west, and existing ignimbrite and tephra 
coverbeds on the Mamaku Plateau (Kennedy, 1988). 
Four main loess units have been identified on the Mamaku Plateau (Barratt, 1988; 
Kennedy, 1988; 1994). The youngest loess unit on the Mamaku Plateau was deposited 
prior to and following the emplacement of the Kawakawa Tephra (22590 ± 230 14C yrs). It 
has a fine sandy loam texture, consisting mainly of rhyolitic sediments (Barratt, 1988) and 
is about 2 m thick. The description and stratigraphic position of this loess unit is 
comparable with the Ohakea loess in the Wairarapa Valley (palmer and Vucetich, 1989) 
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and Manawatu District (Cowie, 1964; Milne and Smalley, 1979). No correlation can be 
made between the older loess units on the Mamaku Plateau and those of the Wairarapa 
Valley and Manawatu District owing to the absence of prominent tephra marker beds in the 
latter two locations. 
The older loess units on the Mamaku Plateau pre-date the emplacement of the Rotoehu 
Ash (c. 64 ka). These have silt loam and clay loam textures (Barratt, 1988). They contain 
significant amounts of andesitic tephras, more prominent in the upper parts of the loess 
units (Kennedy, 1994). Collectively these loess units vary in thickness from about 3 m to 
3.8 m (Kennedy, 1988). 
The major source of the loess has been attributed to the Hinuera 2 and Hinuera 1 fluvial 
aggradational surfaces in the Waikato Basin immediately to the north west and up wind of 
the Mamaku Plateau (Kennedy, 1988; Kennedy, 1994). Large volumes of sediment were 
transported past the front of the Mamaku Plateau by the Waikato River enroute to the 
Waikato Basin and the Hauraki Graben, providing a significant local loess source. To a 
lesser extent, the sediments derived from the erosion of ignimbrite and coverbeds on the 
Mamaku Plateau have also provided a loess source (Benny, 1982; Kennedy, 1988). 
Kennedy (1988) described the distribution of loess on the Mamaku Plateau as only 
occurring below about 400 m in the north and west, having been removed from other parts 
of the Plateau by erosion. Results presented later in this chapter do not support Kennedy's 
(1988) description. 
Sand dunes have been described by Kennedy (1988) as commonly occurring on 
erosional ignimbrite bedrock surfaces below loess underlying the Okareka Tephra and 
loess underlying the Rotoehu Ash. The former have been formally named elsewhere as 
Mokai Sand (Vucetich and Pullar, 1969). The sand dunes consist of sands derived mainly 
from rhyolitic glass and range in height from 1 m to 12 m (Kennedy, 1988). Their 
distribution across the Mamaku Plateau is sporadic but they are more common on the 
interfluves of the deeply incised, east-to-west-trending valleys in the west (Kennedy, 
1988). 
3.4.2 Late Quaternary tephras 
The distribution and thickness of a tephra is determined by its depositional process (e.g. 
airfall), the size of the eruption, distance from the source, topography (including slope and 
geographical barriers) and, for tephras, the prevailing wind at the time of the eruption. 
Descriptions of the main tephras relevant to the Mamaku Plateau in this study are given in 
Table 3.3. Tephra formations or their members are recognised as soil stratigraphic 
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features, commonly chronostratigraphic with isochronous boundaries. In this study they 
are referred. to as "tephra marker beds" where they are individually identifiable in the 
coverbeds, or collectively as specifically named tephra beds where they cannot be 
individually recognised. 
3.4.3 Tephra marker beds 
Tephra marker beds represent rapid accretion· (over months to years) of tephra, and can 
be considered an extreme example of upbuilding, where minimal or no pedogenic 
alteration is evident. The most visually obvious tephra marker beds are usually 
lithologically distinctive, multiple bedded units. Vucetich and Pullar (1973) stated that the 
preservation of tephra marker beds was due to rapid burial by loess, which prevented 
weathering. However, this is a contradiction in terms because loess accretion rates are 
very low (calculated at 0.1-0.2 mm yr- l using post-Kawakawa loess thickness from 
reference sections on the Mamaku Plateau, detailed in Figure 3.15). Sediment accretion at 
this rate is unlikely to provide any protection from weathering and a period of 100 years 
would be required for the suggested critical thickness of 10 cm to bury the tephra marker 
bed. This would allow sufficient time for the formation of an A horizon in the tephra 
marker bed. An alternative explanation for the observed preservation of tephra maker beds 
in the coverbed stratigraphy could be that the thick, predominantly rhyolitic glass deposits, 
provide an inhospitable environment for organisms, such as worms. As a consequence, 
bioturbation within the tephra marker bed is minimal or absent resulting in the preservation 
of the sedimentary fabric and stratigraphy within the tephra marker bed (P. Tonkin, Pers. 
comm., 1999). 
Tephra marker beds identified on the southern Mamaku Plateau include Taupo 
Ignimbrite, Okareka Tephra, Kawakawa Tephra, the Mangaone Subgroup tephras and the 
Rotoehu Ash. Ages and brief descriptions for these tephra marker beds have been 
compiled from previous studies and are presented in Table 3.3. 
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Table 3.3. Des,cription of dominant Late Quaternary tephras on the southern Marnaku Plateau 
Tephra Agel Description Source; Reference 
formation or direction of 
member thinning 
Taupo 1850 ± 10 From several cm to several metres Taupo; thinning Walker (1980); 
Ignimbrite e4C yrs) thick; sediments are pale yellow to to the north. Froggatt and Lowe 
grey sands and sub-angular (1990); Rijkse (1994) 
pumice. 
Whakatane 4830 ±20 Yellowish brown silty sand or Okataina; Vucetich and Pullar 
Tephra e4C yrs) sandy loam. thinning to the (1963); Froggatt and 
west. Lowe (1990); Rijkse 
(1994) 
Mamaku 7250 ±20 Strong brown or bright yellowish Okataina; Vucetich and Pullar 
Tephra e4C yrs) brown sandy loam or loamy sand thinning to the (1963); Froggatt and 
with a greasy feel. west. Lowe (1990); Rijkse 
(1994) 
Rotoma 8860 ± 120 Between 2 and 20 em thick; dark Okataina; Vucetich and Pullar 
Tephra e4C yrs) yellowish brown to brown loamy thinning to the (1973); Froggatt and 
sand to sandy loam. north-west. Lowe (1990); Rijkse 
(1994) 
Waiohau 11850± 60 Between 20 and 60 cm thick; Okataina; Vueetich and Pullar 
Tephra (14C yrs) yellowish brown greasy sandy thinning to the (1973); Froggatt and 
loam. north-west. Lowe (1990); Rijkse 
(1994) 
Rotoma 13 080±50 Between 10 and 60 cm thick; Okataina; Lowe (1988); Froggatt 
Tephra e4C yrs) dark yellowish brown sandy loam thinning to the and Lowe (1990); 
on pale grey loamy sand and north-west. Rijkse (1994) 
lapilli. 
Okareka c. 18 ka Yellowish brown sandy loam; Okataina; Vucetich and Pullar 
Tephra moderately firm; massive thinning to the (1969); Froggatt and 
structure; distinct boundary. south-west. Lowe (1990); Lowe 
(1994) 
Kawakawa 22590±230 Several metres to 5 cm thick; Taupo; thinning Vucetich and Pullar 
Tephra e4C yrs) poorly sorted ash and lapilIi, to the north. (1969); Froggatt and 
usually light grey to light olive. Lowe (1990); Lowe 
Very pale brown and pink banded (1988); Rijkse (1994) 
silt loam and sandy loam, 
moderately firm, massive 
structure, sharp boundary. 
Mangaone 28-?60 ka Between 40 and 70 cm thick; Okataina; Vucetich and Pullar 
Subgroup yellowish brown sandy clay loam thinning to the (1969); Froggatt and 
tephras or silt loam with a gritty feel; thin west. Lowe (1990); Lowe 
tephra layers are interfingered (1994) 
with loess. 
Rotoehu Ash 64000±4000 Light grey, yellow and very pale Okataina; Vucetich and Pullar 
(14C yrs) brown layered loamy sand to silt thinning to the (1969); Froggatt and 
loam; massive structure. north-west. Lowe (1990); Wilson 
et ai. (1992); Lowe 
(1994) 
I Froggatt and Lowe (1990) 
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3.4.4 Recognition a/Taupo Ignimbrite on the Mamaku Plateau 
Soil surveyors (Vucetich and Wells, 1978; Rijkse, 1979; Rijkse, 1994) have previously 
ascribed the tenn Taupo Pumice to the deposits of the Taupo Tephra Fonnation. On the 
Mamaku Plateau such deposits were interpreted as primarily airfall (Taupo Lapilli). 
Thickening in valleys and basins and on flats at elevation was explained by fluvial erosion 
whereby easily eroded airfall deposits on steep slopes were eroded to produce the lower 
lying water-sorted Taupo Pumice. This model was largely based on the historical 
observations of extensive rill and gully erosion in the Rotomahana Mud (see Vucetich and 
Wells, 1978). More recent studies (Walker, 1980; Froggatt, 1981; Walker et al., 1981a; 
Walker et al., 1981b; Wilson and Walker, 1982; Wilson and Walker, 1985; Wilson, 1985; 
Wilson, 1993) suggest that these deposits are Taupo Ignimbrite. 
Taupo Ignimbrite is the non-welded deposit of a low-aspect ratio type pyroclastic flow, 
produced during the final stage of the last volcanic eruption of the Taupo Volcanic Centre 
(c. 1850 yrs B.P.), (Wilson and Walker, 1982). A volume of 30 km3 and a distribution of 
15 000 km2 have been estimated for the Taupo Ignimbrite (Walker et al., 1981b; Wilson 
and Walker, 1982). The pyroclastic flow was highly mobile travelling at velocities 
calculated at between 60 and >125 m S-l (Wilson and Walker, 1982) and capable of scaling 
. topography up to 1000 m above the present level of the vent even beyond 70 km from the 
vent (Walker et al., 1981b). Close to source Taupo Ignimbrite is dominated by valley 
ponded ignimbrite in the topographic lows. A thin, landscape-mantling connecting layer 
across the interfluves between ponds (Wilson and Walker, 1982), was tenned ignimbrite 
veneer deposits by Wilson and Walker (1982) and interpreted as being a facies of, and 
passing laterally into, valley-ponded Taupo Ignimbrite (Walker et al., 1981a; Wilson, 
1986a). Further from source (>40 km) the ignimbrite veneer deposits are more common 
than the valley ponded deposits fonning a near continuous mantle over slopes up to -300 
(Walker et al., 1981b). Within the outer fringe (the outer 3-5 km) of the Taupo Ignimbrite, 
on the interfluves, only a single layer tenned the distant facies (Wilson and Walker, 1982) 
can be recognised. It is characterised by a high content of fine material, is poorly sorted, 
and displays no internal bedfonns indicating the deposits are relatively dense (Wilson and 
Walker, 1982). 
Lithologically, the valley ponded ignimbrite and the ignimbrite veneer deposits are 
indistinguishable except that the ignimbrite veneer deposits have a smaller maximum 
pumice size and commonly possess a layering structure which is evident to about 50 km 
from source (Walker et al., 1981a; Wilson and Walker, 1982). The valley ponded 
38 
ignimbrite comprises fine (layer 2) deposits, at least several metres thick, overlying coarse 
lithic and crystal-enriched (layer 1) deposits (Sparks et ai., 1973; Wilson and Walker, 
1982). Taupo Ignimbrite veneer deposits are generally 0.5-1.0 m thick (Walker et ai., 
1981b). The lower part of the fine layer in the ignimbrite veneer deposit correlates with 
layer 2a of (Sparks et ai., 1973) and the lithic and crystal rich base of the ignimbrite veneer 
deposits, with the layer 1 deposits of the same study (Walker et ai., 1981a). At distance 
from source Taupo Ignimbrite veneer deposits are generally characterised by a finer-
grained portion overlying a coarse lithic and crystal-enriched base (Walker et ai., 1981a; 
Wilson and Walker, 1982). 
On the Mamaku Plateau, Taupo Ignimbrite is likely to consist of valley ponded Taupo 
Ignimbrite in the valley floors of the deeply incised valleys and topographic lows, and 
Taupo Ignimbrite veneer deposits on elevated and sloping topography. The distant facies 
of the Taupo Ignimbrite may also be present in the north-east, close to State Highway 5. 
Differentiation of ignimbrite veneer deposits from other pyroclastic type deposits in the 
field has proved difficult (Walker et ai., 1981a). The delay in the recognition of the Taupo 
Ignimbrite veneer deposits and their interpretation as air-fall deposits (Vucetich and Wells, 
1978) was attributed (Walker et ai., 1981b) to the similarities between the two deposits 
(e.g. mantles the topography and decreases in thickness and number of beds away from the 
source vent). Features relevant for the recognition of Taupo Ignimbrite veneer deposits in 
my study are from Froggatt (1981) and Walker et ai. (1981b), and are listed below. 
1. Highly variable thickness; grainsize and sorting are independent of distance from 
source. 
2. Coarser fragments are matrix supported. 
3. An absence of distinct continuous bedforms. 
4. A marked segregation of dense lithic material towards the base of layer 2 (the base of 
the Taupo Ignimbrite veneer deposits). 
5. Common occurrence of charcoal throughout the ignimbrite (rare in plinian airfall 
deposits). 
In my study "Taupo Ignimbrite" refers to Taupo Ignimbrite veneer deposits unless 
otherwise stated. The fine upper portion and coarser lithic rich basal portion are referred to 
as "upper Taupo Ignimbrite" and "basal Taupo Ignimbrite" respectively. 
Taupo Ignimbrite is the thickest and most recently deposited tephra marker bed 
recognised on the southern Mamaku Plateau. It is exposed at the soil surface and continues 
39 
to undergo soil alteration by top down soil development processes. Soil development is 
characteristic of a Pumice Soil (Hewitt, 1993b), with an A horizon overlying yellowish-
brown or light brownish grey B horizons on a light grey or grey C horizon. 
3.4.4.1 The yellowish-brown beds 
The Holocene tephras are mapped from a base marked usually by Rotorua Tephra 
overlying loess or sands, or ignimbrite bedrock (e.g. Mamaku Ignimbrite). The warm and 
wet climate in the central North Island throughout the Holocene (Alloway et ai., 1992; 
Palmer and. Pillans, 1996) together with the small intervals between deposition of 
individual tephras (2000-3000 yrs), has given rise to composite yellowish-brown 
weathered tephra beds. These consist of individually unidentifiable, intermittently 
deposited co-ignimbrite tephras, predominantly rhyolitic but including small additions of 
andesitic tephras. In this study they include at the base Rotorua Tephra (c. 13.1 ka). 
Collectively these tephras are viewed as a single soil stratigraphic feature referred to as the 
yellowish-brown beds. They have weathered to produce allophanic clays and have a silt 
loam texture with a greasy feel. The main tephras of the yellowish-brown beds on the 
Mamaku Plateau are the Whakatane Tephra, Mamaku Tephra, Rotoma Tephra and the 
Rotorua Tephra (Table 3.3). The stratigraphy and chronology of these individual tephras 
has been constructed by Lowe (1988) using cores from 14 peat lakes in the central Waikato 
region. Like loess, the yellowish-brown beds represent intermittent, thin additions of 
sediment such that soil processes such as A horizon formation and bioturbation integrate 
and mix each addition into the underlying tephras (i.e. the concept of upbuilding discussed 
earlier in this chapter). 
3.4.5 Distribution o/the coverbeds 
Aeolian coverbeds indicate the relative stability of a slope or indeed any part of the 
landscape where they survive. The age and distribution of the regolith provides a record of 
landsurface modification (Tonkin and Basher, 1990). 
Kennedy (1994) recognised four coverbed sequences on the Mamaku Plateau, each with 
a specific time range (Table 3.4) and distribution. The stratigraphic marker immediately 
overlying the underlying ignimbrite defined the maximum age of the cover bed sequence. 
The maximum age and thickness of the coverbeds and the age of the underlying erosional 
surfaces cut into ignimbrite increased concentrically from the crest of the Mamaku Plateau 
to the lower valley heads (Kennedy, 1988; 1994). Kennedy's (1988; 1994) interpretation is 
that, with time (toward the present) erosion of the ignimbrite bedrock stopped more 
recently toward the upper and central Mamaku Plateau. The results I present later in this 
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chapter suggest that the coverbed distribution model of Kennedy (1994) provides only a 
general representation of the coverbed distribution, and that the proposed concentric 
distribution of younger deposits toward the central, upper Mamaku terrain is misleading. 
The revised model of coverbed distribution presented in my study recognises the oldest 
coverbeds throughout the southern Mamaku Plateau, with the distribution of these and 
younger coverbed sequences, strongly related landforms, in tum representing ignimbrite 
bedrock surfaces formed from episodes of strath cutting and valley incision. 
Table 3.4. Distribution of coverbed sequences on the Mamaku Plateau (Kennedy, 1994) 
Timerange l 
0- 220 ka 
0-64ka 
0- 22.6 ka 
0-13.1ka 
Coverbed sequence 
Sequence includes Holocene tephras, Rotorua Tephra, 
Okareka Tephra, Kawakawa Tephra, Mangaone Subgroup 
tephras and Rotoehu Ash, separated by various loess 
deposits and sand overlying Mamaku Ignimbrite. Includes 
blocky clay loams and strongly developed buried soils 
underlying the Rotoehu Ash. 
Holocene tephras, Rotorua Tephra, Okareka Tephra, 
Kawakawa Tephra, Mangaone Subgroup tephras and 
Rotoehu Ash, separated by various loess deposits and sand 
overlying Mamaku Ignimbrite. 
Holocene tephras and Rotorua Tephra overlying loess, 
Okareka Tephra, loess and often sand on Mamaku 
Ignimbrite. 
Holocene tephras overlying Rotorua Tephra, on Mamaku 
Ignimbrite 
Distribution of 
sequences 
Northwest side of the 
Mamaku Plateau 
West side of the 
Mamaku Plateau 
Near the crest ofthe 
Mamaku Plateau 
Crest of the Mamaku 
Plateau 
I time range modified to incorporate new dates for Mamaku Ignimbrite (Houghton et al., 1995), Rotoehu 
Ash (Wilson et al., 1992; Lowe and Hogg, 1995), Kawakawa Tephra (Wilson et aI., 1988; Froggatt and 
Lowe, 1990) and Rotorua Tephra (Froggatt and Lowe, 1990). 
Coverbed stratigraphy is irregular on the steep slopes and valley sides, consisting 
mainly of Holocene tephras, Rotorua Tephra and/or loess deposited since the Okareka 
Tephra overlying Mamaku Ignimbrite. Observations by Bakker (1997) suggested 
Holocene tephras, loess or sands were absent on side slopes, partially contradicting 
Kennedy's (1994) description of the coverbeds. However, older tephras were found to 
persist on the shoulders and upper slopes in both studies. On the valley floors the 
coverbeds were usually no older than the Rotorua Tephra, with loess and sand sometimes 
present (Kennedy, 1994). 
3.4.6 Soils of the Mamaku Plateau 
The soils of the southern Mamaku Plateau have been described in a 1: 100 000 scale 
soil survey and unpublished report for Kinleith Forest (Rijkse, 1994). Descriptions of 
some of these soils are also provided in Rijkse (1979) and McLeod (1992). For the area of 
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my study, 12 soil series were identified and contributed to 44 soil mapping units including 
12 simple (consociations) and 32 complex soil map units. The soil series represented 
within these soil map units are defined in (Table 3.5). The definitions are based on Rijkse 
(1994), with modification following reconnaissance field observations, and detailed 
observations (presented in Chapter 4). 
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Table 3.5. Descriptions of the soil series used in this study 
Soil series 
Haupeehi 
(Ha) 
Waiohotu 
(Wu) 
Motumoa 
(Mo) 
Ngakuru 
(Na) 
Taupo 
(Tp) 
Ngongotaha 
(No) 
Oruanui 
(Oi) 
Mamaku 
(Mk) 
Arahiwi 
(A) 
Tihoi 
(Toi) 
Waipahihi 
(Yp) 
Atiamuri 
(Ai) 
Existing definition (Rijkse, 1994) 
Very shallow dark brown silt loam A horizon on 
yellowish-brown sandy loam B horizon. Soils contain 
ignimbrite bedrock fragments and bedrock outcrops are 
common. 
Black A horizon overlies yellowish-brown B horizons of 
greasy silt loam texture. Coarse sand often underlies the 
'brown weathered tephra' in which these soils are formed. 
Shallow black sandy loam A horizon overlying a ftrm 
sandy loam B horizon both formed in Taupo Pumice. 
These overly a yellowish-brown B horizon formed in 
rhyolitic tephras mixed with weathered ignimbrite 
Shallow patchy Taupo Pumice on yellow brown 
weathered rhyolitic tephras 
Thin (10-15 cm) A horizon on 50 to 100 cm Taupo 
Pumice with yellow brown B horizon in the upper 20 cm, 
on yellow brown rhyolitic tephras 
Shallow patchy Taupo Pumice on dark reddish brown 
over yellow brown weathered rhyolitic tephras 
Thick (15-20 cm) A horizon on 50 to 100 cm Taupo 
Pumice on strong brown or dark reddish brown rhyolitic 
tephras 
Shallow patchy Taupo Pumice often with an E horizon 
overlying a dark reddish Bh horizon, on reddish brown 
and strong brown weathered rhyolitic tephras on 
ignimbrite at less than 
200 cm depth 
Very shallow reddish brown A horizon overlying light 
brownish grey to grey sand formed in Taupo Lapilli. 
These horizons overly a dark yellowish brown sandy to 
silt loam B horizons formed in weathered rhyolitic 
tephras. 
Taupo Pumice (> 50 cm) with a distinct dark reddish 
brown Bhs over strong brown rhyolitic tephras 
Shallow A and B horizons on thick deposits oflight grey 
water sorted pumiceous sand occasionally overlying 
Taupo flow tephra at 50 cm. 
Definition in this study 
Very thin (::::10 cm) dark brown sandy loam A horizon on 
a yellowish brown BC or light olive brown C, all with 
sandy loam textures, formed in weathered ignimbrite, but 
often mixed with yellowish-brown beds. 
Black silt loam A horizon overlying silt loam B horizons 
formed in yellowish-brown beds. Coarse sand often 
underlies these beds and rests on ignimbrite bedrock. 
Shallow black sandy loam A horizon overlying ftrm sandy 
loam B horizons formed in thin (:::: 30 cm) Taupo 
Ignimbrite. These overlie silt loam and silt loam B 
horizons formed in the yellowish-brown beds, often 
mixed with weathered ignimbrite. 
Shallow black sandy loam A horizon overlying ftrm sandy 
loam B horizons formed in thin (:::: 30 cm) Taupo 
Ignimbrite, over silt loam B horizons formed in 
yellowish-brown beds on ignimbrite bedrock. 
Black sandy loam A horizon over yellowish-brown to 
light brownish grey sandy loam or loamy sand B horizons 
formed in thick (>30 cm) Taupo Ignimbrite, over silt loam 
B horizons formed in the yellowish-brown beds on 
ignimbrite bedrock. 
Dark brown A horizon overlying a dark brown to dark 
reddish brown Bh horizon formed in thin (::::30 cm) Taupo 
Ignimbri te, over silt loam B horizons formed in the 
yellowish-brown beds on ignimbrite bedrock. 
Dark brown sandy loam A horizon overlyi'ng a dark 
brown to dark reddish brown Bh horizon and yellowish 
brown B horizon, all with sandy loam textures, formed in 
thick (>30 cm) Taupo Ignimbrite, over silt loam B 
horizons formed in the yellowish-brown beds on 
ignimbrite bedrock. 
Black sandy loam A horizon over greyish brown E and 
dark brown to dark reddish brown Bh horizons, all with 
sandy loam textures, formed in thin (::::30 cm) Taupo 
Ignimbri te, over silt loam B horizons formed in the 
yellowish-brown beds on ignimbrite bedrock. 
Black sandy loam A horizon over greyish brown loamy 
sand E and dark brown to dark reddish brown sandy loam 
Bh horizons formed in thin (:::: 30 cm) Taupo Ignimbrite, 
overlying silt loam or loamy silt B horizons formed in the 
yellowish-brown beds, often mixed with weathered 
ignimbrite. 
Black sandy loam A horizon over greyish brown E and 
dark brown to dark reddish brown Bh horizons, all with 
sandy loam textures, formed in thick (>30 cm) Taupo 
Ignimbrite, over silt loam B horizons formed in the 
yellowish-brown beds on ignimbrite bedrock. 
Very thin (::::10 cm) dark brown or black sandy loam A 
horizon and yellowish brown or light olive brown sandy 
loam and loamy sand B horizons, over a light greyish 
brown loamy sand C horizon, formed in valley ponded 
Taupo Ignimbrite. The subsoil is compact below 50-70 
cm. 
Shallow A overlying yellowish-brown to very pale brown Refer to the description for the Waipahihi series. 
B horizons on a C horizon formed in Taupo flow tephra .. 
The subsoil is compact below 50-70 cm. 
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Disregarding topographic position, the soil pattern as mapped by Rijkse (1994) 
essentially reflects the thinning of Taupo Tephra to the north (away from source) and a 
leaching regime, which generally increases with elevation (Table 3.6). 
Table 3.6. Soil development in response to thinning of Taupo Ignimbrite and increased leaching 
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The Waipahihi series is represented within a simple map unit, limited to the valley 
floors of the deeply incised valleys at lower elevations (Rijkse, 1994). Likewise the map 
units dominated by Waiohotu and Haupeehi series only occur at low altitudes (100 m to 
300 m) in the north-west where Taupo Ignimbrite is absent (Rijkse, 1994). At higher 
elevations in the study area Taupo Ignimbrite is present (Rijkse, 1994). Here the soil map 
units are complexes comprising soils with podzolised soil profile features and varied 
thickness of Taupo Ignimbrite. 
3.5 Aim 
The aim of this study was to revise the geomorphology and Late Quaternary erosion 
history of the southern Mamaku Plateau using the soil stratigraphy of the aeolian 
coverbeds. The coverbed stratigraphy together with its soil stratigraphic interpretation and 
soil landform relationships were used to map land systems to aid application of site 
specific forest management practices in the 35 000 ha of Kinleith Forest on the southern 
Mamaku Plateau. 
3.6 Methods 
Physiographic units were delineated and reconnaissance survey observations were 
combined with the findings of previous studies of geology, geomorphology and soils on 
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the Mamaku Plateau (Kennedy et ai., 1978; Rijkse, 1979; Fransen, 1982; Kennedy, 1988; 
Karhunen, 1993; Kennedy, 1994; Bakker et ai., 1996; Bakker, 1997; Lynch-Blosse, 1998). 
Land systems were then defined and the soil pattemwithin each land system described. 
The ratiot;tale for the land systems approach was based on the following: 
1. Christian and Stewart (1953) and Gibbons and Downes (1964) used this approach 
whereby they carried out reconnaissance level survey with the provision of more 
detailed sampling with a land system equivalent areas should the need arise. 
2. Due to the limitations of time and resources in my study a reconnaissance survey (the 
broad-scale study) was completed then a single land system was selected for the fine 
scale study (Chapter 4). 
Physiographic units were delineated using topographic maps, aerial photographic and 
field reconnaissance interpretation. Topographic maps and aerial photographs were at a 
scale of 1:50000. Aerial photographs of higher resolution (1:20 000 and 1:10 000) aided 
interpretation where they were available. Boundaries were digitised onto a 5 m contour 
coverage using the ARCIINFO® geographical information system software at Forest 
Research, Rotorua. 
The field reconnaissance survey was carried out in July 1996. Its purpose was to 
visually appraise the validity of the delineated physiographic units and describe the 
stratigraphy and distribution of the coverbeds in relation to landform. Soil stratigraphic 
techniques were used to make interpretations. Approximately 100 observations were made 
of road-side exposures and holes drilled by hand auger. At each site soil stratigraphic 
features within the coverbed-regolith were described together with brief descriptions of 
soil horizons, horizon thickness, soil colour and soil texture. 
Existing descriptions of the ignimbrite stratigraphy (Karhunen, 1993; Lynch-Blosse, 
1998) were combined with the reconnaissance survey results. Topographic cross-sections 
of the ignimbrite stratigraphy were constructed using 1:50000 scale topographic maps and 
1:110000 and 1:25 000 scale geology maps of the southern Mamaku Plateau (Karhunen, 
1993; Lynch-Blosse, 1998). 
The hillslope processes and valley development described and classified in the IPP-
model (Bakker, 1997) were used to further explain the differences in landscape 
physiography characterising the physiographic units. 
Based on the studies of Kennedy (1988; 1994), and Bakker (1997), and observations 
from the reconnaissance survey I determined that the regolith was predominantly formed in 
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aeolian coverbeds. The development of a bedrock regolith was minimal or in most cases 
absent and aeolian coverbeds were commonly found to overlay erosional surfaces in the 
ignimbrite bedrock. 
Episodes of strath cutting and valley incision (erosional bedrock surfaces) were 
recognised by the sequence of overlying soil stratigraphic units. The identified episodes of 
strath cutting and valley incision were then synthesised into topographically-recognised 
stages of landform evolution to express the relationship between soil stratigraphic units and 
landforms d~veloped in the ignimbrite bedrock and the distribution of coverbeds on the 
southern Mamaku Plateau. 
Soil development and distribution was described with respect to the coverbed. 
distribution and the apparent rainfall gradient recognised from the soil map of Rijkse 
(1994) and the reconnaissance survey. 
Land systems were defined on the basis of physiography, ignimbrite bedrock 
stratigraphy and the distribution of coverbeds in relation to landform. The physiographic 
unit and land system maps were compiled using the ARC/VIEW@ Geographic Information 
System software at Lincoln University, Canterbury. 
Finally the soil distribution within each land system was described. The number of 
observations made during the reconnaissance survey was considered insufficient to provide 
an adequate description of the soil distribution within each land system. For this reason the 
soil distribution was largely extrapolated from the soil map of Rijkse (1994). As discussed 
in Chapter 2 further observations (as used in Chapter 4) and the construction of specific 
soil-landscape models are required in each land system. Land systems can then be 
reclassified accordingly as simple, compound or complex land systems, resulting in an 
improved description of the soil pattern. 
3.7 Results and discussion 
3.7.1 Terminology 
The term Mamaku terrain is introduced and qualified with reference to specific zones on 
the southern Mamaku Plateau (i.e. upper, mid and lower Mamaku terrain). The term 
terrain is considered a more appropriate description for the zones on the southern Mamaku 
Plateau, because the mid and lower Mamaku terrain are not plateaux in the defined sense 
page 20, in (Milne et al., 1995; p20). The term southern Mamaku Plateau is retained and 
refers to the whole study area (i.e. the upper, mid and lower Mamaku terrain collectively). 
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3.7.2 Physiographic units 
For the southern Mamaku Plateau, nine physiographic units comprising various 
recurring combinations of eight land components were recognised and mapped. 
Descriptions for each physiographic unit are presented in Table 3.7. Land components 
were defined according to the Soil Descriptio~ Handbook (Milne et ai., 1995) with two 
new terms (hillock and ridge) introduced. Hillocks are equivalent to the "tors" used in 
previous studies of the Mamaku Plateau. The term hillock was introduced by Kennedy, 
(1988). In this study a hillock is defined as an elevation of the land surface rising 
prominently above surrounding land, conical in shape with concave or linear slopes. They 
are generally less than 50 m in diameter and height. The ridge land component is lower in 
height than the hillock. It is defined as an elevation of the land surface rising above the 
surrounding land, often gradually but with a definite outline, greater in length than width 
and generally less than 50 m in height. Milne et ai. (1995) defined a ravine as valley, ten 
or more metres deep, with at least 75% of its sides sloping at more than 25°, but less than 
50% of its sides cliffed, and with a floor width less than 50% of ravine depth. I separately 
recognise ravine and valley land components primarily on the basis of floor width and the 
inclination of side slopes, but also total relief, which for ravines is generally less than 20 m 
and for valleys, is greater than 20 m. 
The spatial distribution of physiographic units is shown in Figure 3.5. The southern 
Mamaku Plateau is represented by an upper Mamaku terrain, a mid Mamaku terrain and a 
lower Mamaku terrain. The upper Mamaku terrain is a gently sloping surface with no deep 
incision. In the mid Mamaku terrain, valleys are prominent and extend down the plateau in 
general east~west direction. A decrease in slope and infilling of the valleys surrounding 
the eroded, strong rolling hills characterise the lower Mamaku terrain. Physiographic units 
have been assigned a prefix according to their relative position; upper Mamaku terrain (U), 
mid Mamaku terrain (M) and lower Mamaku terrain (L). 
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Table 3.7. Description of physiographic units 
Mamaku Physio graphic Area Description of topographic features Land 
terrain unit (%) components 
Upper UI 6 Higher elevation than U2 and U3. Ridges and hill, terrace, 
. ravines predominate over hills, terraces and ridge, flat, 
flats. Topographic relief is generally less than ravine 
100 metres. 
Upper U2 1 Dominated by hillocks with rock outcrops hillock, ridge, 
surrounded by flats with occasional low flat 
ridges. Topographic relief is generally less 
than 50 metres. 
Upper U3 23 Dolninated by hillock, flat, ridge and ravine hillock, ridge, 
land components. Topographic relief is flat, ravine 
generally less than 100 metres. 
Mid Ml 14 Broad interfluves with dissected surfaces hillock, ridge, 
separated by steep-sided parallel valleys with flat, ravine, 
varying degrees of valley infilling. valley back 
Topographic relief is generally less than 300 slope, valley 
metres. floor 
Mid M2 19 Hills are elongate and parallel, and separated hill, ridge, 
by valleys with cuspoid features and infilling. terrace, valley 
Ridges and terraces flank the valley floor. back slope, 
Topographic relief is generally less than 300 valley floor 
metres. 
Mid M3 16 Heavily dissected pattern of rounded hills and hill, ridge, 
topographically lower ridges and terraces, terrace, valley 
separated by valleys with cuspoid features and back slope, 
infilling. Hills are sub-parallel and there is a valley floor 
high occurrence of second order drainage. 
Topographic relief is generally less than 200 
metres. 
Mid M4 4 Hills are separated by valleys, with terraces hill, terrace, 
below the valley back slopes. Topographic valley back 
relief is generally less than 300 metres. slope, valley 
floor 
Lower Ll 5 Hills are dissected and separated by hill, ridge, 
topographically lower ridges, terraces and terrace·, valley 
valleys. Valleys are broad and often infilled floor 
with multiple terrace features. Topographic 
relief is generally less than 200 metres. 
Lower L2 12 Rolling hills, topographically lower ridges and hill, ridge, 
valleys. Valleys are wide and infilled. Hills valley floor 
and ridges are rounded. Topographic relief is 
generally less than 200 metres. 
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Figure 3.5. The distribution of physiographic units on the southern Mamaku Plateau. 
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VI occupies 6% of the study area and is situated on the upper Mamaku terrain. 
Elevation ranges between 480 m and 690 m. It comprises hills and terraces and 
topographically lower ridges, and flats with incised ravines. It is delineated as a separate 
land system on. account of a steeper overall slope than the adjoining V2 and V3 
physiographic units and an absence of hillock land components. 
V2 occupies 1 % of the study area and is situated on the upper Mamaku terrain. 
Elevation ranges between 520 m to 580 m. It is characterised by hillock land components 
often with prominent rock outcrops on the upper slopes. 
V3 occupies 23% of the study area and is situated on the upper Mamaku terrain. 
Elevation ranges between 480 m to 600 m. It is characterised by the presence of hillocks. 
The rock outcrops featuring on hillocks in V2 are not prominent in V3. There is also a 
higher occurrence of ridges and ravines than in V2. Ravines often extend into Ml and M2 
where they deepen to form valleys. 
Ml occupies 14% of the study area and is situated on the mid Mamaku terrain. It 
consists of a recurring parallel pattern of valleys separated by broad interfluves. Valleys 
are commonly infilled. Progressing downstream, the valleys are broader and terrace 
features occur within the valley floor, a result of stream incision. The surfaces of the 
interfluves consist of land components common to V3. 
M2 occupies 19% of the study area and is situated on the mid Mamaku terrain, more 
commonly in the north. Elevation ranges between 200 m to 500 m. M2 consists of a 
recurring parallel pattern of valleys and hills in an east west direction (Plate 3.1). Cuspoid 
features (Kennedy, 1994) are observed on the south facing slopes, below which ridges and 
terraces are common. Valleys are infilled, more commonly in their lower reaches, and 
here the valley floor is wider. 
M3 occupies 16% of the study area and is situated on the mid Mamaku terrain. 
Elevation ranges between 300 m and 500 m. M3 consists of hill, ridge, terrace and valley 
land components (Plate 3.2) that collectively resemble a "brain-tissue" pattern when 
viewed from plan aerial photographs. This reflects the formation of cuspoid features 
(Kennedy, 1994) on the south facing side slopes of the hills. Inflections in slope are 
generally gradual due to a thick cover of aeolian deposits (discussed later in this chapter). 
M4 occupies 4% of the study area and is situated on the mid Mamaku terrain. Elevation 
ranges between 280 m and 500 m and there is a sub-parallel drainage network with hills 
and valleys. Valley incision is not as deep as in Ml and M2 and hills are less steep than in 
M2. 
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Plate 3. 1. A south-east view of the topography of the M2 physiographic unit. 
Plate 3.2. A nonh-east view of the topography of the M3 physiographic unit. 
SI 
Ll occupies 5% of the study area and is situated on the lower Mamaku terrain. 
Elevation ranges between 320 m to 450 m. Ll consists of a sub-parallel drainage system 
with broad hills and ridges separated by valleys often flanked by terraces. Local relief is 
not as great as in adjoining physiographic units Ml and M3 and hills are broader and have 
more gentle slopes than the hills in M3. Valleys with cuspoid features are also absent. 
L2 occupies 12% of the study area and is situated on the lower Mamaku terrain. 
Elevation ranges between 200 m and 420 m. The strongly rolling hills are interpreted as 
being the eroded remnants of the parallel hills extending from the mid Mamaku terrain. 
Significant valley infilling and extensive mantling of aeolian deposits on the lower slopes 
of hills and ridges produces a concavo-convex topography. As a result hills are broad and 
rounded. 
3.7.3 Correlation of the ignimbrite stratigraphy with physiographic units 
Nine topographic transects of the ignimbrite stratigraphy within physiographic units 
have been compiled from Karhunen (1993) and Lynch-Blosse (1998). Figure 3.6 shows 
the location of the nine transects. 
On the upper Mamaku terrain, the topography is entirely within Mamaku Ignimbrite. 
The highest landscape features here are the hills in Ul (Figures 3.7 and 3.8) .. Kennedy 
(1994) suggested that the height of the hillocks approximated the original thickness of the 
Mamaku Ignimbrite. However, the hills in Ul are more than 20 metres higher than the 
hillocks, indicating that the original surface of the Mamaku Ignimbrite was higher than 
suggested by Kennedy (1994). 
The hillocks in U2 and U3 are thought (Kennedy, 1994) to be remnants of a more 
welded ignimbrite that formed around gas-escape pipes that channelled heat as the 
ignimbrite cooled and compacted. Kennedy argued the less welded surrounding ignimbrite 
has been removed to leave hillocks. Bakker (1997) concluded that at present there is , 
insufficient evidence to support this hypothesis of hillock formation. Her reasons being 
that she found no features that could be interpreted as vents, the absence of surrounding 
materials prevented confirmation that the material was less welded, and that a petrographic 
study of glass shards (Sheridan, 1970) was required. 
It is assumed that the bedrock surfaces in Ul are formed in the upper Mamaku 
Ignimbrite unit and the surfaces in U2 and U3 are formed in the middle and basal Mamaku 
Ignimbrite units. The hillocks and ridges in U3 are interpreted as representing residual 
portions of the middle Mamaku Ignimbrite unit, following channel incision and lateral 
planation by-low gradient, meandering streams. 
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The ignimbrite stratigraphy in M1 is characterised by Mamaku Ignimbrite overlying 
Pokai Ignimbrite and in the broader valleys at lower elevation Waihou Ignimbrite is 
exposed in the valley floor (Karhunen, 1993) (Figure 3.9). Deep valleys have eroded into 
the Pokai Ignimbrite. The valley floors are infilled with ponded Taupo Ignimbrite. Broad 
interfluves separate the valleys. These are capped by an erosional surface formed in the 
Mamaku Ignimbrite with landform features similar to U3. 
The ignimbrite stratigraphy in M2 is characterised by Mamaku Ignimbrite capping 
Waimakariri Ignimbrite over Whakamaru Ignimbrite (Figure 3.10). Deep parallel valleys 
have incised through the Waimakariri Ignimbrite into the Whakamaru Ignimbrite. The 
interfluves characteristic of Ml appear as a series of aligned hills in M2 with crests 
narrower than the interfluves are wide. In most instances they are capped by Mamaku 
Ignimbrite. Where the Mamaku Ignimbrite is absent the hills are lower. Presumably the 
removal of thinner and less welded Mamaku Ignimbrite has been followed by erosion of 
the weakly welded Waimakariri Ignimbrite noted also by Bakker (1997). At the limits of 
its distribution Mamaku Ignimbrite is thinner and less welded which accounts for its 
erodibility in M2. 
Cuspoid features on the south-facing slopes are a distinct feature in M2. Kennedy 
(1994) attributed their formation to differential aspect effects during cooler climatic 
conditions, possibly during Oxygen Isotope Stage 2, as indicated by an overlying mantle of 
loess and the yellowish-brown beds dating back to at least 18 ka. According to Kennedy 
(1994) reduced vegetation cover (caused by the reception of oblique sunlight) and 
exposure to cold polar winds contributed to slumping and formation of the cuspoid 
features. Bakker (1997) concluded that groundwater seepage and spring sapping along the 
contact between the Mamaku Ignimbrite and the underlying ignimbrite was responsible. 
She identified a preferential flow gradient sloping 1-30 to the south along the ignimbrite 
contact that explained sapping on the south side of valleys and its absence on northern 
aspects. Lush vegetation within the cuspoid features indicates some seepage still occurs. 
Cuspoid features clearly form where Mamaku Ignimbrite overlies Waimakariri Ignimbrite. 
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Figure 3.10. Transect of ignimbrite stratigraphy for parts of M2 and M4 (transect E). 
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The ignimbrite stratigraphy for M3 consists of thin remnants of Mamaku Ignimbrite 
(present only on the hills), overlying Pokai Ignimbrite over Waihou Ignimbrite on 
Whakamaru Ignimbrite (Figure 3.11). Thinner Mamaku Ignimbrite and erosion of the 
weakly welded Waihou Ignimbrite (and subsequent undermining and erosion of the Pokai 
Ignimbrite) are presumed to be the reasons for the eroded topography observed in M3. The 
redeposition of eroded sediments as loess and sand on the lower valley slopes (discussed 
later in this chapter) is thought to contribute to the subdued topography and the 
characteristic "brain-tissue" pattern in M3. Cuspoid features, similar but less distinctive 
than observed in M2, are also present in M3. Here the Waihou Ignimbrite (and 
Waimakariri Ignimbrite in the north of M3) underlies the Pokai Ignimbrite. This suggests 
that the formation of the cuspoid features require an ignimbrite sequence consisting of a 
low resistance ignimbrite capped by an ignimbrite more resistant to erosion (such as the 
Pokai or Mamaku ignimbrites). 
The ignimbrite stratigraphy for M4 is similar to M2, with some wedging of Pokai 
Ignimbrite between Waimakariri Ignimbrite and Mamaku Ignimbrite. Also the ignimbrites 
in M4 are distinctly thicker and the surface topography is eroded entirely in Mamaku 
Ignimbrite. 
The contrasting topography between M4 and M2 (see Figure 3.10) provides a clear 
example of valley inversion. This is a feature of ignimbrite landscapes where younger 
ignimbrites preferentially follow and pond in existing valleys and are thin on elevated and 
sloping topography. As a result modem valleys are eroded into and through the thinner 
ignimbrite mantle. The thicker ignimbrite filling the past valleys and lower topography has 
a higher resistance to erosion because it is more welded and its surface forms the modem 
elevated topography. This scenario is depicted in Figure 3.12. 
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Figure 3.12. A generalised model depicting valley inversion observed in this study (not to scale). 
In the stratigraphic sequence presented previously in Figure 3.10, the thicker capping of 
Mamaku Ignimbrite has preserved the hills, with erosion of thinner, less welded Mamaku 
Ignimbrite and weakly welded underlying Waimakariri Ignimbrite producing the deeply 
incised valleys. In M4 the thick Mamaku Ignimbrite provides greater resistance to erosion 
and has prevented extensive valley fonnation. 
At higher· elevations in the east, Mamaku Ignimbrite overlies Pokai Ignimbrite. Most of 
the Pokai Ignimbrite has been eroded from L1 exposing the Waihou Ignimbrite. The 
current surface topography comprises hills (fonned in Pokai Ignimbrite) surrounded by 
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lower ridges and shallow valleys eroded into the exposed Waihou Ignimbrite. Deeper 
valleys have"been eroded into the underlying Whakamaru Ignimbrite. 
Distribution of the Waimakariri, Waihou, Pokai and Mamaku ignimbrites largely 
determines the ignimbrite stratigraphy in L2. In the south L2 consists of Pokai Ignimbrite 
over Waihou Ignimbrite on Whakamaru Ignimbrite (Figure 3.13). In places the Waihou 
has been removed and Pokai Ignimbrite rests directly on Whakamaru Ignimbrite. The hills 
formed from the jointed Pokai Ignimbrite are steep (near vertical at the top) with a 
colluvial wedge forming the side slopes. 
Further north in the central L2 region, the Pokai Ignimbrite has been removed (Figure 
3.14). The stratigraphy consists of Waihou Ignimbrite over Waimakariri Ignimbrite on 
Whakamaru Ignimbrite. Both the Waihou and Waimakariri ignimbrites are weakly welded 
and vulnerable to erosion. The resulting topography consists of rounded hills with thick 
coverbeds comprising sands and loess presumably derived from the erosion of these 
ignimbrites. " 
The northern most part of L2 is characterised by Mamaku Ignimbrite over Waimakariri 
Ignimbrite in tum overlying Whakamaru Ignimbrite (Figure 3.14). The Waimakariri has 
largely been eroded away and the Mamaku Ignimbrite rests directly on the Whakamaru 
Ignimbrite. Here the Mamaku Ignimbrite is an extension of the thick deposits observed in 
M4, the associated pyroclastic flow having preferentially ponded in the previous valley and 
lower lying topography in this part of L2. The observed relief has formed in the eroded 
surface of the Mamaku Ignimbrite. 
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3.7.4 Coverbed stratigraphy 
Two reference sections detailing the coverbed stratigraphy in Li ("Stoat Road") and VI 
("Rahui Road") were described in this study and correlated with three reference sections 
from previous studies (Vucetich and Pullar, 1969; Kennedy, 1988). The reference sections 
are presented in sequence (Okoroire, Tapapa, Leslie Road, Stoat Road and Rahui Road) in 
the direction of the prevailing north-west wind (i.e. towards the south-east) and increasing 
in altitude (Figure 3.15). The Okoroire section at 118 m is situated on rolling hills 
approximately 5 km north-west of the Mamaku Plateau. The Tapapa and Leslie road 
sections are at higher elevations on interfluves in M2 and M4 land. systems respectively. 
The Stoat Road section was located on a hill in L1 at an altitude of 490 m. The Rahui 
Road section was located on the upper Mamaku terrain in VI at an altitude of 540 ill. 
All the tephra marker beds (described in Table 3.3) were consistently identified across 
the study area with the exception of the Te Rere Tephra, which was only identified at the 
Leslie Road section (Figure 3.15). The thickness of each tephra marker bed varied 
between sections, probably because of local erosion rather than factors associated with the 
character of the volcanic source (i.e. the size of the eruption and the distance of the tephra 
from its source). An exception to this was Taupo Ignimbrite, which thinned to the north 
and was not present in the Okoroire section. However a 20 cm thick Taupo Tephra was 
identified at the Tapapa section (Hodder and Wilson, 1976). 
The Rahui Road section on the upper Mamaku terrain has a thinner total thickness 
relative to the total thickness of the lower lying sections. This was largely due to thinning 
or absence of loess units. 
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Figure 3.15. Generalised stratigraphy of the coverbed-regolith on the Mamaku Plateau. 
3.7.5 A soil stratigraphic interpretation of the coverbed-regolith 
Within the coverbed-regolith, soil stratigraphic features were identified by 
upbuilding and topdown soil development in loess and tephra. The presence of tephra 
marker beds assisted in the interpretation of the coverbed stratigraphy. The coverbed-
regolith was viewed as comprising loess units inter-fingered with intennittently-
deposited thin tephras (e.g. yellowish-brown beds), and tephra marker beds. Loess units 
are presented as single soil stratigraphic features. They consist of a lower zone with a 
weakly recognisable soil fabric (grey to yellowish brown colour, pedogenic cast fOnDs) 
representing upbuilding soil development, grading vertically into an upper zone with a 
more distinctive soil fabric (i.e. yellowish brown to brown colour, blocky structure) 
representing top down soil development. In the upper zone, soil morphological features 
are accentuated by a greater inclusion of andesitic tephras, relative to aerosolic quartz 
additions, during low loess accretion (Barratt, 1988; Kennedy, 1988; Alloway et ai., 
1992; Palmer and Pillans, 1996). 
The correlation of loess units using soil stratigraphic techniques was not attempted in 
this study because of the limited number of observations made during the 
reconnaissance survey and because the lack of distinctive soil morphological criteria for 
clear differentiation of the loess units. 
The coverbed-regolith represented by the sections in Figure 3.15 is not considered to 
represent the complete sequence of loess and tephras since the emplacement of the 
Mamaku Ignimbrite (c. 220 ka). The variable stratigraphy and thickness of loess units 
between the Rotoehu Ash and erosion surfaces in ignimbrite bedrock and ignimbrite 
debris mantle surfaces (Figure 3.15) indicate the presence of erosional unconfonnities. 
Furthermore, there are no tephra marker beds recognised in this portion of the 
coverbed-regolith. Houghton et ai. (1995) documented four eruptions in the Taupo 
Volcanic Zone between the emplacement of the Mamaku Ignimbrite and the Rotoiti 
Tephra Formation (c. 220 ka to c. 64 ka). Eruptions were described as frequently 
occurring, with volumes of 30-100 km3. It is possible that on the Mamaku Plateau the 
deposits from these eruptions were too thin to form tephra marker beds «10 cm), and 
were mixed into the existing soil (see Figure 3.3 presented previously in this chapter). 
The H7 Hamilton Ash member, the Tikotiko Ash (Ward, 1967; Lowe et ai., 1999) is 
also absent from the coverbed-regolith. The Tikotiko Ash is thought to have originated 
from the Okataina Volcanic Centre and has been described in the Waikato Basin, to the 
north west of the Mamaku Plateau as between 10 cm and 75 cm thick (Ward, 1967; 
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Lowe et aI., 1999). Considering the close proximity of the Mamaku Plateau to the 
Okataina Volcanic Centre the Tikotiko Ash should be identifiable as a tephra marker 
overlying the Mamaku Ignimbrite. 
The presence of erosional unconformities is also indicated at the boundary between 
the Mangaone Subgroup tephras and the Rotoehu Ash. The Mangaone Subgroup 
tephras comprise eight tephra formations erupted from the Haroharo volcano (Howorth, 
1975). The youngest tephra, the Omataroa Tephra is dated at 28220±630 yrs B.P. 
(Froggatt and Lowe, 1990), and the oldest, the Ngamotu Tephra has not been dated but 
its age has been estimated at c. 45 000 ka (Froggatt and Lowe, 1990). The combined 
thickness of the Mangaone Subgroup tephras described in this study is less than 1 m 
(Figure 3.15), within which only thin additions of loess are recognised .. The proposition 
that this thickness represents nearly 35 ka of deposition is difficult to believe. In 
comparison, a study in the Wanganui region by Palmer and Pillans (1996) described a 
-2 m thick loess unit in a similar stratigraphic position as the Mangaone Subgroup 
tephras in this study. Only thin accretions of loess are recognised within the Mangaone 
Subgroup tephras «30 cm) on the Mamaku Plateau (Kennedy, 1988) and elsewhere 
(Howorth, 1975). There is a strong possibility that erosional unconformities occur 
between the Mangaone Subgroup tephras and the underlying Rotoehu Ash. 
3.7.6 Coverbed-regolith in relation to landform 
Episodes of strath cutting and valley incision into ignimbrite bedrock were 
recognised by the overlying coverbed-regolith sequence. The basal loess and tephra 
and/or tephra on the erosion surfaces denoted the cessation of each episode of erosion. 
Four episodes of strath cutting and valley incision into ignimbrite bedrock were 
recognised. The coverbed-regolith sequences overlying each of the erosional surfaces 
are described in Table 3.8. 
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Table 3.8. Coverbed-regolith sequences overlying erosional surfaces 
Basal loess or 
tephra in 
sequence 
Description Estimated 
thickness 
Pre-Rotoehu Taupo Ignimbrite and the yellowish-brown beds overlie loess and 3-7 m 
loess sands, Okareka Tephra and Kawakawa Tephra marker beds are within 
the loess. Mangaone Subgroup tephras overlie Rotoehu Ash, loess 
and occasional sands found between the Mamaku Ignimbrite and 
loess. 
Pre-Kawakawa. Taupo Ignimbrite and the yellowish-brown beds overlying pre- 2-5 m 
loess Kawakawa loess and sands. The sands are commonly found between 
the Mamaku Ignimbrite and loess. The Okareka Tephra marker bed 
lies within the loess. 
Rotorua Tephra Taupo Ignimbrite overlying the yellowish-brown beds including <2.5 m 
Rotorua Tephra at their base. 
Taupo Valley ponded Taupo Ignimbrite. »3.0 m 
Ignimbrite 
3.7.7 Synthesised stages of landform evolution 
Viewed conceptually the differences in physiography across the study area provide a 
"space for time" representation of the stages of valley development for an ignimbrite 
landscape. The four episodes of strath cutting and valley incision recognised were 
synthesised into five topographically recognised stages of landform evolution (Figure 
3.16). 
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3.7.7.1 Stage I 
Stage I occurs in the softer upper Mamaku Ignimbrite unit. Vertical erosion and the 
formation of a drainage network dominate in the low-resistance upper Mamaku 
Ignimbrite unit. The ignimbrite has been eroded to form hills and strath terraces and 
flats, with deeper incision forming ravines. 
The presence of the pre-Rotoehu loess sequence on the hills and terraces indicates 
that they were formed prior to the pre-Rotoehu loess. Incision and strath cutting has 
continued up until the emplacement of the Rotorua Tephra (c. 13.1 ka). 
3.7.7.2 Stage II 
Stage II represents incision and lateral planation of the more welded middle Mamaku 
Ignimbrite unit. The middle Mamaku Ignimbrite unit is partially welded and jointed. 
As a result lateral planation occurs producing an eroded surface with low relief. 
Erosion through this more resistant ignimbrite unit occurs where the ignimbrite thins or 
via propagation of ravines along jointing in the ignimbrite. 
Only the Rotorua Tephra sequence is present in Stage II indicating incision has 
occurred up until the emplacement of the Rotorua Tephra (c. 13.1 ka). 
3.7.7.3 Stage III 
Stage III represents valley incision through the welded Pokai Ignimbrite unit, 
forming vertical free-faces. Incision extends through the welded Pokai Ignimbrite unit 
into the underlying less welded Pokai Ignimbrite unit and the Waihou Ignimbrite. 
Valley widening occurs by rock topple hillslope processes (Bakker, 1997). Lateral 
valley erosion is slowed by the more resistant ignimbrite (partially welded Mamaku 
Ignimbrite and welded Pokai Ignimbrite units) capping the interfluves. The bedrock 
surfaces of the interfluves are an extension of Stage II. 
The Rotorua Tephra sequence covers all but the valley floors in Stage III. These are 
infilled with valley ponded Taupo Ignimbrite. Erosion of the bedrock surface continued 
up until the emplacement of the Rotorua Tephra (13.1 ka). This was followed by the 
infilling of the valley floor with valley ponded Taupo Ignimbrite (c. 1.85 ka). This 
suggests that the lateral planation of the interfluve surfaces and valley incision were 
partially contemporaneous with valley incision occurring as upstream migration of 
knickpoints. 
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3.7.7.4 Stage IV 
Stage IV is characterised by incision and wideni~g of valleys into the Waihou, 
Waimakariri and Whakamaru ignimbrites. A thin capping of Mamaku Ignimbrite and 
Pokai Ignimbrite occurs on the interfluves between the valleys. The hillslope processes 
are similar to Stage ill but valley widening is greater because the ignimbrites capping 
the interfluves are thinner and less welded. 
Four episodes of strath cutting and valley incision are represented. The pre-Rotoehu 
loess overlies an eroded bedrock surface on the hills. Evidence of cross-cutting through 
the pre Mangaone Subgroup tephra coverbeds suggests subsequent strath cutting and 
incision into this surface occurred. This highlights the possibility of an erosional 
unconformity within the Mangaone Subgroup tephras. This erosion episode formed 
topographically lower ridge and terrace bedrock surfaces within the valleys and 
continued until the deposition of the pre-Kawakawa loess. Ignimbrite debris mantle 
forms a thick wedge on the side slopes of hills. It is considered to have formed during 
this time but has only the Rotorua Tephra coverbed sequence overlying it. The absence 
of the pre-Kawakawa loess coverbeds on these steeper slopes is the result of the 
depositional characteristics of loess, which tends to accumulate on more gentle lower 
slopes within valleys. Valley incision has been followed by infilling of the valley floor 
by valley ponded Taupo Ignimbrite. 
3.7.7.5 Stage V 
In Stage V, the removal or absence of the capping Pokai Ignimbrite has resulted in a 
concavo-convex hilly topography in the underlying Waihou and Waimakariri 
ignimbrites. 
All four episodes of strath cutting and valley incision are represented. The 
ignimbrite bedrock erosion surface on the crests of the hills underlies the pre-Rotoehu 
loess coverbed sequence. Only small portions of this erosion surface remain. 
Subsequent erosion episodes have formed topographically lower ridges and valleys, the 
surfaces of which are overlain by the Rotorua Tephra coverbed sequence on the crest 
and upper slopes, and pre-Kawakawa loess coverbeds on the more gentle valley back 
slopes. The valley floor has subsequently been infilled by valley ponded Taupo 
Ignimbrite. 
The thickness and distribution of coverbeds although greatly dependent on external 
inputs (loess and tephra) are also determined by episodes of strath cutting and valley 
incision. The coverbeds are older on the upper slopes of the hills and younger in the 
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valley floor. The thickest coverbeds are those consisting of the valley ponded Taupo 
Ignimbrite (»3 m), and the thinnest «2.5m) are the Rotorua Tephra coverbeds 
consisting of Taupo Ignimbrite overlying the yellowish-brown beds. The presence and 
intactness of the Rotorua Tephra coverbeds and the absence of significant exposures of 
erosional bedrock surfaces indicate relative landscape stability during the Holocene. 
This is likely to be a function of the establishment of vegetation cover during the 
warmer climate and a reduction of overland flow-induced erosion initiated by the 
presence of highly permeable tephra dominated coverbeds. 
3.7.8 Revised coverbed distribution model 
The distribution of coverbeds presented in this study does not support Kennedy's 
(1994) description of the maximum coverbed age increasing in an annular pattern 
outward from the upper Mamaku terrain to the lower Mamaku terrain in the west. 
Instead, the revised coverbed distribution model does indicate the presence of the oldest 
coverbed sequence (the pre-Rotoehu loess sequence) on the upper Mamaku terrain. 
Four zones of coverbed sequences are recognised (Figure 3.17). Within each zone 
coverbed sequences are distributed according to previously defined land components. 
In Zone 1, all coverbed sequences are present. The pre-Rotoehu loess sequence 
occurs on the hills; the pre-Kawakawa loess sequence occurs on the ridges and terraces; 
the Rotorua Tephra sequence occurs on valley back slopes, and the Taupo Ignimbrite on 
valley floors. This zone extends across the lower Mamaku terrain and the mid Mamaku 
terrain not included within Zone 4. Zone 2 consists of the pre-Rotoehu loess sequence 
on hills and terraces, and the Rotorua Tephra sequence on ridges, flats and ravines. This 
zone extends across the highest elevations within the upper Mamaku terrain. Zone 3 
consists of the Rotorua Tephra sequence, mantling all land components, and extends 
across the upper Mamaku terrain not included within Zone 2. Zone 4 comprises the 
Rotorua Tephra sequence and the Taupo Ignimbrite sequence. The Rotorua Tephra 
sequence occurs on hillocks, ridges, flats, ravines of the interfluves and valley back 
slopes, and the Taupo Ignimbrite sequence on the valley floors. This zone is found 
within the mid Mamaku terrain. 
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Figure 3.17. Coverbed distribution zones on the southern Mamaku Plateau. 
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3.7.9 Relationship between the coverbed-regolith and soil series 
The eleven soil series defined previously in this chapter (see Table 3.5), were defined 
according to soil profile form and soil horizon sequence (Table 3.9). Simple soil profile 
forms in the absence of Taupo Ignimbrite are represented by the Waiohotu series and 
Haupeehi series, and on valley ponded Taupo Ignimbrite by the Waipahihi series. 
Composite soil profile forms occur where soils are formed in thin Taupo Ignimbrite. At 
lower elevations these soils have an A horizon overlying B horizons represented by 
Taupo and Ngakuru series, and on steeper slopes the Motumoa series. Podzol soil 
features are evident in the soils at higher elevations and intensify at elevation to the 
north-east. The Oruanui and Ngongotaha series, and the Tihoi, Mamaku and Arahiwi 
series represent these soils respectively . 
. Table 3.9. Definition of soil series in relation to coverbed-regolith 
Soil series Soil profile form Coverbed-regolith Soil horizon sequence 
Waiohotu Simple Yellowish-brown beds NB 
Haupeehi Simple Yellowish-brown beds/ NB 
ignimbrite debris mantle 
regolith 
Ngakuru Composite Taupo Ignimbrite/ NB/bB 
yeIIowish-brown beds 
Motumoa Composite Taupo Ignimbrite/ NB/bB 
yeIIowish-brown beds/ 
ignimbrite debris mantle 
regolith 
Taupo Composite Taupo Ignimbrite/ NBIBC/bB 
yeIIowish-brown beds 
Waipahihi Simple Taupo Ignimbrite NBIBC/C 
Ngongotaha Composite Taupo Ignimbrite! NBhIB/bB 
yellowish-brown beds 
Oruanui Composite Taupo Ignimbrite/ NBhlBIBC/ bB 
yeIIowish-brown beds 
Mamaku Composite Taupo Ignimbrite/ AIEIBhI/bB/ bB 
Yellowish-brown beds 
Arahiwi Composite Taupo Ignimbrite/ AIEIBhI/bB 
yellowish-brown beds/ 
ignimbrite debris mantle 
regolith 
Tihoi Composite Taupo Ignimbrite/ AlElBhlIBIBC/ bB 
yeIIowish-brown beds 
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3.8 Land systems of the southern Mamaku Plateau 
3.8.1 Definition and description a/land systems 
In Chapter 2 the process for defining land systems consisted of two stages based on 
the method. described by Christian and Stewart (1968). Initial land systems (as 
presented in this chapter) were defined based on reconnaissance survey and reclassified 
as simple, compound or complex land systems following more detailed survey (as 
presented in Chapter 4). 
Physiography, ignimbrite geology, and the distribution of coverbeds in relation to 
landform define the land systems. Nine land systems have been defined in this study, 
including two compound land system, M1 and L2 (Tables 3.10 to 3.18). M1 consists of 
two provisionally defined simple land systems and L2 of three provisionally defined 
simple land systems. The land systems are not spatially continuous but are distributed 
as a mosaic (Figure 3.18). The soils occurring in each land system and their distribution 
in relation to landform components is also provided. 
The estimates of coverbed thickness are based on the average thickness of the 
coverbed sequences observed during the reconnaissance survey. Rainfall has been 
estimated for each land system from New Zealand Meteorological Services (undated) 
and rainfall estimates for soil series Rijkse (1979; 1994). 
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Table 3.10. Definition of Ulland system 
Land system Ul 
I 
Simple land system Not defined 
Elevation range (mASL) 480-690 
i 
Estimated rainfall 1600-2000 
(mm yr-l) 
Ignimbrite stratigraphy Upper Mamaku Ignimbrite unit 
Landform evolution stage Stage I 
Land components Hill Terrace Ridge Flat Ravine I 
Basal coverbed-regolith Pre-Rotoehu loess Pre-Rotoehu loess Rotorua Tephra Rotorua Tephra Rotorua Tephra 
feature 
Estimated coverbed 3-7 m 3-7 m <2.5m <2.5m <2.5m 
thickness (m) 
Soils Mk,No,Na Toi, Oi, Tp Toi, Mk, Oi, No, Tp, Na Toi, Oi and Tp Toi, Mk. Oi, No, Tp, Na 
Mk=Mamaku, Na=Ngakuru, No=Ngongotaha; Oi=Oruanui, Toi=Tihoi, Tp=Taupo 
-.....l 
-.....l 
-.l 
00 
Table 3.11. Definition of U2 land system 
Land system 
Simple land system 
Elevation range (mASL) 
Estimated rainfall 
(mm yr-l) 
Ignimbrite stratigraphy 
Landform evolution stage 
Land components 
Basal coverbed-regolith 
feature 
Estimated coverbed 
thickness (m) 
Soils 
Mk=Mamaku, Toi=Tihoi 
Hillock 
Rotorua Tephra 
<2.5 
Mk, Toi 
U2 
. Not defined 
520-580 
2000-2400 
Middle and basal Mamaku Ignimbrite units 
Stage II 
Ridge Flat 
Rotorua Tephra Rotorua Tephra 
<2.5 <2.5 
Mk, Toi Toi 
~-~ 
-- -----
-..J 
1.0 
Table 3.12. Definition ofU3 land system 
Land system 
Simple land system 
Elevation range (mASL) 
Estimated rainfall 
(mm yr- l ) 
Ignimbrite stratigraphy 
Landform evolution stage 
Land components Hillock 
Basal coverbed-regolith Rotorua Tephra 
feature 
Estimated coverbed <2.5 
thickness (m) 
Soils Toi, Mk, ai, Na, Ha 
Ha=Haupeehi, Mk=Mamaku, Na=Ngakuru, Oi=Oruanui, Toi=Tihoi, Tp=Taupo 
U3 
Not defined 
480-600 
1600-2000 
Middle and basal Mamaku Ignimbrite units 
Stage II 
Ridge Flat Ravine 
Rotorua Tephra Rotorua Tephra Rotorua Tephra 
<2.5 <2.5 <2.5 
Toi, Mk, ai, Na Tp, ai, Toi Toi, Mk, ai, No, Tp, Na 
00 
o 
Table 3.13. Definition ofMlland system 
Land system 
Simple land system 
Elevation range (mASL) 
Estimated rainfall 
(mmyr-l) 
Ignimbrite stratigraphy 
Landform evolution stage 
Land components 
Basal coverbed-regolith 
feature 
Estimated coverbed 
thickness (m) 
Soils 
~--
Mo=Motumoa, Yp=Waipahihi 
Ml compound land system 
U3 Ml 
! 
360-510 360-510 I I 
I 
1400-1800 1400-1800 
Mamaku lPokai /W aihou 
Stage II Stage III 
(see Table 3.13) Valley back slope Valley floor I 
I 
Rotorua Tephra Taupo Ignimbrite 
2-7 m »3m 
Mo Yp 
00 
...... 
Table 3.14. Definition ofM2land system 
Land system 
Simple land system 
Elevation range (mASL) 
Estimated rainfall 
(mroy(l) 
Ignimbrite stratigraphy 
Landform evolution stage 
Land components Hill Ridge 
Basal coverbed-regolith Pre-Rotoehu loess Pre-Kawakawa loess 
feature 
Estimated coverbed 3-7" 2-7 
thickness (m) 
Soils Wu,Mk Wu,Mk 
A=Arahiwi, Ha=Haupeehi, Mk=Mamaku, Wu=Waiohotu, Yp=Waipahihi 
M2 
Not defined 
200-500 
1400-2000 
Mamaku IW aimakariri lWhakamaru 
Stage IV 
Terrace Valley back slope Valley floor 
Pre-Kawakawa loess Rotorua Tephra Taupo Ignimbrite 
2-7 <2.5 »3 
Wu,Mk Ha,A Yp 
- -
00 
N 
Table 3.15. Definition ofM3land system 
Land system 
Simple land system 
Elevation range (mASL) 
Estimated rainfall 
(mmy(l) 
Ignimbrite stratigraphy 
Landform evolution stage 
Land components Hill Ridge 
Oldest basal coverbed- Pre-Rotoehu loess Pre-Kawakawa loess 
regolith feature 
Estimated coverbed 3-7 2-7 
thickness (m) 
Soils Tp,Na Tp,Na 
- --
Ha=Haupeehi, Mo=Motumoa, Na=Ngakuru, Tp=Taupo, Yp=Waipahihi 
M3 
I 
Not defined 
300-500 
1400-1800 
Mamaku lPokai /W aihou /Whakamaru 
Stage IV 
Terrace Valley back slope Valley floor 
Pre-Kawakawa loess Rotorua Tephra Taupo Ignimbrite 
2-7 <2.5 »3 
Tp Ha,Mo Yp 
00 
UJ 
Table 3.16. Definition of M4 land system 
Land system M4 
Simple land system Not defined 
Elevation range (mASL) 280-500 
Estimated rainfall 1400-2000 
(mmy{l) 
Ignimbrite stratigraphy Mamaku !W aimakariri 
Landform evolution stage Stage I 
Land components Hill Ridge Valley back slope 
Basal coverbed-regolith Pre-Rotoehu loess Pre-Kawakawa loess Rotorua Tephra 
feature 
Estimated coverbed 3-7 2-7 <2.5 
thickness (m) 
Soils WU,Mk WU,Mk Ha,Mo,A 
,-
--
A=Arahiwi, Ha=Haupeehi, Mk=Mamaku, Mo=Motumoa, Wu=Waiohotu, Yp=Waipahihi 
I 
Valley floor 
Rotorua Tephra 
»3 
Yp 
---
00 
~ 
Table 3.17. Definition ofLlland system 
Land system 
Simple land system 
Elevation range (mASL) 
Estimated rainfall 
(mm yr.l) 
Ignimbrite stratigraphy 
Landform evolution stage 
Land components Hill 
Basal coverbed-regolith Pre-Rotoehu loess 
feature 
Estimated coverbed 3-7 
thickness (m) 
Soils Tp,Na 
Mo=Motumoa, Na=Ngakuru, Tp=Taupo, Yp=Waipahihi 
Ridge 
Pre-Kawakawa loess 
2-7 
Tp,Na 
Ll 
I 
Not defined 
320-450 
1400-1800 
Pokai IW aihou lWhakamaru 
Stage IV 
Terrace Valley back slope Valley floor 
Pre-Kawakawa loess Rotorua Tephra Taupo Ignimbrite 
2-7 <2.5 »3 
Tp, Mo Yp 
- '-----
00 
VI 
Table 3.18. Definition ofL2land system 
Land system 
Simple land system L2 north 
Elevation range (mASL) 200-260 
Estimated rainfall 1400-1600 
(mmyr-l) 
Ignimbrite stratigraphy MamakuIW aimakaririlWhakamaru 
Landform evolution stage Stage IV 
Land components Hill Ridge Valley floor 
Basal coverbed-regolith Pre-Rotoehu Pre- Taupo 
feature loess Kawakawa Ignimbrite 
loess 
Estimated coverbed 3-7 2-7 »3 
thickness (m) 
Soils Wu Wu Yp 
--
... 
--
Na=Ngakuru, Tp=Taupo, Wu=Waiohotu, Yp=Waipahihi 
L2 
I 
L2 central L2 south 
300-420 360-420 
1400-1600 1400-1600 
WaihouIW aimakaririIWhakamaru PokaiIW aihoulWhakamaru 
Stage V Stage IV 
Hill Ridge Valley floor Hill Ridge Valley floor 
Pre-Rotoehu Pre- Taupo Pre-Rotoehu Pre- Taupo 
loess Kawakawa Ignimbrite loess Kawakawa Ignimbrite 
loess loess 
3-7 2-7 »3 3-7 2-7 »3 
Tp,Na Tp,Na Yp Tp,Na Tp,Na Yp 
G Land system 
Ml M 1 compound land system 
L2 (north) 
L2 (ceDtr.ll) L2 compound land system 
L2 (south) 
~. 
.', 
o 5 10 IGlometres 
~~~iiiiiiiiiiOii""" 
f -~ 
i 
Figure 3 .18. Map of land systems on the southern Mamaku Plateau. 
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3.8.2 The distribution of soils in relation to land systems 
At elevation on the southern Mamaku Plateau, the land systems UI, U2 and U3 have 
soils with varying Taupo Ignimbrite thickness and varying expression of podzol soil 
features. UI and U3 have complexes comprising soils with thin Taupo on the hills 
(Mamaku, Ngongotaha and Ngakuru series). On the flats and terraces soils with thicker 
Taupo Ignimbrite form complexes consisting of Tihoi, Oruanui and Taupo series. 
Ridges and ravines comprise complexes containing various combinations of Tihoi, 
Mamaku, Oruanui, Ngongotaha, Taupo, and Ngakuru series. 
In U2 only soils with podzol soil features are present and comprise complexes of 
Tihoi and Mamaku series on sloping topography and consociations of Tihoi on the flats. 
This suggests that at elevation, rainfall increases to the north-east. 
At lower elevations in M3, LI and L2 south and central the Waipahihi series are 
mapped as a single map unit occupying the valley floor. Taupo and Ngakuru series 
occur as complexes on hills and ridges and Taupo series as consociations on terraces. 
Further to the north in L2 north, the soils on the hills and ridges comprise consociations 
of Waiohotu series. Motumoa consociations on valley back slopes in the south (MI and 
M3), give way to Haupeehi consociations on the valley back slopes to the north (M3 
andM4). 
Within M2 and M4 the soil pattern reflects an increase in podzol soil features and the 
presence of Taupo Ignimbrite at elevation. As a result there is a transition from 
Waiohotu consociations on hills and ridges, and Haupeehi consociations on valley back 
slopes to Mamaku and Arahiwi consociations respectively, at higher elevation. 
3.9 Conclusions 
The southern Mamaku Plateau consists of predominantly erosional bedrock surfaces 
cut into five Late Quaternary ignimbrites and mantled with aeolian coverbeds 
comprising loess and tephras. Four episodes of strath cutting and valley incision into 
the ignimbrite are recognised from the overlying sequence of coverbeds, in tum denoted 
by the basal loess and/or tephra. The oldest surface underlies 3-7 m of coverbeds with 
the pre-Rotoehu loess coverbed at the base. Older strath surfaces mantled by loess 
underlying the pre-Rotoehu loess were present but their frequency and distribution 
remains undetermined. The variable presence and thickness distribution of these earlier 
loess coverbeds does suggest unconformities within the coverbed stratigraphy. The 
majority of valley incision occurred in the mid Mamaku terrain about the time of the 
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Mangaone Subgroup tephras (c. 28-60? ka), forming deep valleys with terraces and 
ridge landforms. These surfaces are mantled by 2-7 m thick coverbeds with pre-
Kawakawa loess at the base. Valley incision continued by knickpoint migration up onto 
the upper plateau surfaces. Incision and erosion of these surfaces ceased prior to the 
deposition of the Rotorua Tephra, and they are now mantled by up to 2.5 m of 
coverbeds. Valley ponded Taupo Ignimbrite with a thickness in excess of 3 m has 
infilled deeply incised valleys at lower elevation and forms the valley floors. 
Five synthesised stages of landform evolution are proposed. Landform evolution is 
dependent on the ignimbrite stratigraphy and lithology, in tum determining hillslope 
processes. The oldest bedrock surfaces are preserved as strath cut hills throughout the 
southern Mamaku Plateau. The erosional surfaces mantled by the pre-Kawakawa loess 
occur at lower elevations commonly within the deeply incised valleys of the mid 
Mamaku terrain. The erosion surfaces mantled by the Rotorua Tephra coverbed 
sequence predominates on the upper Mamaku terrain. The youngest surfaces form the 
valley floor of deeply incised valleys at lower elevations. The revised model of 
coverbed distribution presented in this study describes four zones of coverbed 
sequences. The recognition of the oldest coverbed sequence (the pre-Rotoehu loess 
sequence) in Zone 2, spanning the highest elevations on the southern Mamaku Plateau, 
and in Zone 1, in the lower Mamaku terrain, differs from the model proposed by 
(Kennedy, 1994). 
Nine land systems were defined and mapped based on coverbed stratigraphy together 
with its soil stratigraphic interpretation, and soil landform relationships. The soil 
pattern between land systems across the southern Mamaku Plateau reflected i) a long-
range leaching gradient increasing generally with elevation and to the north-east, and ii) 
a thinning of Taupo Ignimbrite to the north. Within land systems the soils were 
distributed according to variations in the thickness of Taupo Ignimbrite on different 
landforms. 
The land systems provide an initial stratification of the soil-landscape that forms the 
framework for the application of site specific forest management practices in the 35 000 
ha of Kinleith Forest on the southern Mamaku Plateau. 
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CHAPTER FOUR 
Land systems, coverbed-regolith and soil distribution within the U3 complex 
land system on the southern Mamaku Plateau, part of Kinleith Forest, 
New Zealand. 
4.1 Introduction 
The U3 land system (described in Chapter 3) covers an area of 7950 ha on the upper 
Mamaku terrain (see Figure 3.18). Altitude ranges between 450 mASL and 650 mASL, 
and rainfall between 1600 and 2000 mm yr-1• The native forest vegetation for this area 
prior to plantation establishment was hardwood predominant, classed as a rimu 
(Dacrydium cupressinum)-matai (Podocarpus spicatus)/kamahi (Weinmannia racemosa) 
forest, consisting of a mosaic of dense rimu, matai, totara (Podocarpus totara) and miro 
(Podocarpus ferrugineus) stands (Nicholls, 1963). 
Within U3, land components consist of hillocks, ridges, ravines and flats fonned in a 
previously eroded Mamaku Ignimbrite and mantled by near continuous coverbed-regolith 
consisting of Taupo Ignimbrite (c. 1850 yrs B.P.) overlying yellowish-brown beds, the 
base of which includes Rotorua Tephra (c. 13.1 ka). The soil pattern is thought to reflect 
an increasing rainfall gradient to the north and the variable thickness of the coverbed-
regolith over the topography. 
The large size of the study region, steep topography, extensive plantation forest cover, 
and the intensive scale of forest management do not lend well to the use of conventional 
soil survey methods. This is principally because the cartographic model (the soil map) 
uses geo-referenced spatial soilinfonnation at a single scale. Forest managers operate and 
visualise using landform delineation and soil information is required at different levels of 
spatial resolution depending on the intensity of land management and structure of spatial 
variation of management variables (e.g. phosphorus nutrition). 
A land systems approach is used in this analysis of the soil variability within U3 land 
system for two reasons. Firstly, because its soil mapping units are delineated using 
naturally occurring landscape features (landforms) and patterns (recurring combinations of 
landform). Secondly, it provides an effective method for partitioning and describing soil 
spatial variability at a scale that is appropriate for forest management. In this study, I 
examine how effective a land system defined stratification is at spatially partitioning soil 
morphological variability. There is good reason to believe soil morphological variability 
will be effectively partitioned because Taupo Ignimbrite varies with topography (Wilson 
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and Walker, 1982), and in the U3 land system, the Taupo Ignimbrite is a significant 
component of the coverbed-regolith. 
4.2 Scale: concepts and terminology 
The term "grain" is used by McBratney (1998) to refer to a level of spatial delineation 
in an observation set (e.g. land component grain). The soil-landscape is portrayed by a 
land systems approach as consisting of a nested hierarchy of naturally defined levels of 
organisation of increasing spatial resolution. At successively lower levels of the land 
systems hierarchy the grain size of delineation of soil pattern is generally smaller (i.e. 
increasingly smaller grain; land systems, land components and land elements), referred to 
as "grainsize". 
Before the use of GIS soil information was. presented as a soil map at a given scale. 
Forest management requires soil information over a range of scales. The soil information 
that is provided by single scale soil map (a single grain) requires disaggregation 
(downscaling) if the grain of the soil map is coarser than the grain of forest management. 
Aggregation (upscaling) of soil information is required if the grain of forest management is 
coarser than the soil map grain (McBratney, 1998). In the former situation the fine-grain 
information provided is often meaningless. 
The inherent structure of spatial variability determines the grain size at which it is best 
delineated. The most efficacious grainsize or a level of stratification in a hierarchical land 
systems approach, is that for which there is a maximum difference in the within versus the 
between strata variability. Interpretation of the factors driving the spatial variability of soil 
properties (and forest variables) can be made by relating the differences observed for the 
most efficacious stratification, to the soil and landscape features from which the strata have 
been delineated. 
4.3 Soil variability 
Conventional soil survey displays soil variability by way of soil map units defined in 
terms of content of a soil taxonomic unit or units. The latter are in tum usually represented 
by a single modal profile. In all but the most detailed surveys, soil map units are 
equivalent to soil-landscape units. However, the relationship between soil taxa and soil-
landscape units is not explicitly presented. The user is encouraged by this approach to rely 
on the geo-referenced soil spatial information on the map rather than understand the soil-
landscape relationships. 
Land systems and soil-landscape models explicitly use landscape features as soil 
mapping unit boundaries. This is preferable in many ways (Hewitt, 1993a), primarily 
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because land managers (foresters) operate and visualise in the landscape. Secondly, land 
systems adopt a hierarchical approach whereby variability over a range of scales can be 
described and quantified, as in this study. 
At a resolution finer than the land system (e.g. land component grain), there are good 
grounds for establishing soil-landscape models where a topographic gradient exists. This 
is because much of the present topography co-relates with soil properties either as a result 
of contemporary pedogeomorphic processes (e.g. catenary gradients), or historical events 
that influence soil properties, such as erosion and deposition and the formation of 
geomorphic surfaces. 
Where there are no observable tQPographic gradients there are no grounds for 
establishing soil-landscape relationships and developing soil-landscape models. Here a 
geostatistical analysis can be used to quantify soil variability for the purpose of 
interpolation and detailed mapping if required, or to determine a semi-variogram model of 
spatial dependence. This in tum is used to make inferences about processes that influence 
soil variability, complexity of the soil pattern and the sampling density required for 
mapping at a given level of precision. 
Geostatistics has been used to identify soil boundaries (McBratney and Webster, 1981b) 
and provide a quantitative description of the spatial variation of soils (Webster, 1973; 
Webster, 1976). Geostatistics is based on the theory of regionalised variables developed 
by Matheron (1965) and applied empirically by Krige (1966). Implicit to the extension of 
the regional variable theory is the concept of stationarity. Collectively, Journe1 (1978) 
refers to the regional variable theory and the concept of stationarity as the intrinsic 
hypothesis. A number of detailed reviews of the theory of geostatistics and its application 
in soil science are available (Trangmar et al., 1985; Issacks and Srivastava, 1989; Webster 
and Oliver, 1990). 
Geostatistics does not assume a priori knowledge of the landscape, geology or soil 
pattern, and as a consequence requires intense sampling, preferably nested over different 
scales to effectively determine the spatial variability of the soils. 
In this study a combination of a land systems approach using specific soil-landscape 
models (see discussion in Chapter 2) and geostatistical analysis are used to describe and 
quantify, in an explicit manner, the soil-landscape relationships of the U3 land system. 
Furthermore, these relationships provide the basis for reclassifying the U3 land system. 
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4.3.1 Sources of soil variability on the southern Mamaku Plateau 
The main sources of soil variability are identified in Chapter 3, and relate to the 
distribution of the coverbed-regolith, and rainfall regime. Over the long range the 
distribution of the coverbed-regolith is a function of aeolian deposition, and over the short 
range, erosional topography in ignimbrite bedrock. 
In the U3 land system, the coverbed-regolith consists of Taupo Ignimbrite overlying 
yellowish-brown beds. A description of Taupo Ignimbrite and the yellowish-brown beds 
on the southern Mamaku Plateau was presented in Chapter 3. Restated, Taupo Ignimbrite 
in U3 land system is likely to represent the ignimbrite veneer deposit and possibly the 
distant facies in the north of the land system. The ignimbrite veneer deposit is generally 
0.5-1.0 m thick and no banding can be distinguished (Walker et al., 198Ib). Deposits are 
characterised by a finer-grained sandy loam to loamy san.d portion overlying a coarse 
sandy, lithic and crystal-enriched base. 
The features of the Taupo Ignimbrite used for its recognition in U3 are: 
I. Matrix supported coarser fragments; 
2. An absence of distinct continuous bedforms; 
3. A marked segregation of dense lithic material towards the base; 
4. The occurrence of intact carboni sed wood fragments. 
In my study I refer to the finer-grained upper portion of the Taupo Ignimbrite as the 
"upper Taupo Ignimbrite" and the coarse sandy, lithic and crystal-enriched basal portion as 
the "basal Taupo Ignimbrite". There are no detailed descriptions in the existing literature 
describing the short-range (lO's of metres) thickness distribution of Taupo Ignimbrite in 
relation to topography, on the southern Mamaku Plateau. 
The yellowish-brown beds exist as a near continuous mantle throughout U3 of 
consistent thickness, generally less than 1 m thick. They comprise numerous, 
predominantly rhyolitic, tephras the oldest of which, the Rotorua Tephra, marks the base of 
the yellowish-brown beds. The individual tephras are largely indistinguishable in the field 
with the exception of the Rotorua Tephra recognised by the presence of yellowish brown 
lapilli in the soil matrix. The occurrence of lapilli increases towards the north. 
The soil map and descriptions provided in Rijkse (1994) and discussed in Chapter 3 
indicate that soils in U3 show increased podzolisation toward the north east, a reflection of 
an increasing leaching gradient in the same direction and relative variations in the 
thickness of Taupo Ignimbrite. 
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Soil series identified in U3 were (in order of increasing podzolisation) Taupo, Oruanui, 
Ngongotaha, Arahiwi, Mamaku and Tihoi series. These soils were defined in Chapter 3. 
4.4 Aim 
The aim of this study was to describe and quantify the spatial variability of soils in the 
U3 land system at different spatial resolutions (grain size ). A land systems approach and, 
where appropriate, geostatistical analysis were used to determine the most effective grain 
for soil mapping. It was also the intention of the study to provide a basis for examining the 
spatial relationships between the soil pattern and forest nutrient variability and forest 
productivity variability discussed in Chapters 5 and 6. 
4.5 Objective 
• Determine which properties of the coverbed-regolith strongly influence soil 
morphology and described how these properties are spatially structured. 
4.6 Methods 
4.6.1 General approach and study site selection 
A land system was selected for more intense description of the landforms, regolith and 
soils, and quantification of the spatial distribution of the coverbed-regolith and soils. 
The land system, U3, on the upper Mamaku terrain (refer to Chapter 3 for a description of 
U3) was selected for the following reasons: 
1. U3 occupies approximately 23% of the southern Mamaku Plateau part of Kinleith 
Forest, or 6% of the entire Kinleith Forest estate. 
2. A large portion of the area is scheduled for harvesting and reforestation over the next 
five years. 
3. The soil mapping units in U3 (see Chapter 3) are dominated by soil series with 
contrasting characteristics related to the thinning of Taupo Ignimbrite to the north 
and expression of podzol features increasing with altitude and to the north-east. The 
resulting soil pattern within U3 is significantly different in the north compared with 
that in the south. 
4. Previous foliar sampling has indicated forest nutrient deficiencies (predominantly P 
and Mg) on the soils of the Mamaku series (T. Payn, Pers. comm. 1997). 
5. There are soil compaction and forest sustain ability trials established and currently 
monitored on an area comprising soils of the Oruanui series (Simcock et al., 1996). 
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4.6.2 Sampling design 
Two main requirements of the sampling were: 
I . To provide sufficient sampling observations for the characterisation and 
quantification of coverbed-regolith thickness variables across the range of landforms 
within the selected land system; 
2. To provide an appropriate sampling design to allow the use of geostatistical 
techniques to construct and model semi -variograms for regolith thickness variables 
on land components with no topographic relief (i.e. flats) . 
Within the U3 land system, three study windows (SW I, SW2 and SW3) were located 
(Figure 4.1). Because rainfall and temperature were assumed to correlate with altitude 
(rainfall positively and temperature negatively) study windows were positioned at a similar 
altitude (-540 m) to reduced any climatic variability between the study windows. 
Land components representative of U3 (see Chapter 3) were identified. These included 
hillocks, ridges, flats and ravines (see Plate 4.1). Within each study window, 
representative land components were selected for detailed description of the soil-landform 
relationships. For land components with topographic gradients (hillocks, ridges and 
ravines) the soils were partitioned using land elements. However, this was not possible for 
the flat land component and therefore geostatistical analysis was used to describe the 
spatial variation of soils. 
Plate 4.1. A view to the south-east across SWI, within U3. The land components most obvious are the 
hillocks to the right and in the distance. and the flats in the centre. 
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Figure 4.l. The location of study windows within the U3 land system. 
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The study window, SWI (shown in Plate 4.1), was used to establish initial relationships 
between landforms, regolith and the soils, and for the geostatistical analysis for regolith 
variables on the flat land component. 
One of each of the four land components was selected for study. Land components 
were proportionally sampled according to the percentage of area of each land element. A 
minimum of 32 auger observations were then made on each of the hillock, ridge and ravine 
land components. 
The geostatistical sampling on the flat involved three stages. Firstly, a 500 m by 1000 
m area was located within SWI and samples were recorded at the intersection of a 100 m 
grid. A total of 45 samples were provided (Table 4.1). A randomly selected 100 m by 100 
m grid cell was then sampled according to an unequal nested grid design (Webster and 
Oliver, 1990) with observations at the intersections of 50 m and 10 m grids. Finally an 
unequal geometric design (Oliver and Webster, 1986) was used to provide additional 
sample observations and reduce periodicity errors in the sampling data associated with the 
initial nested grid sampling procedure. Observations were made at 60m, 19m and 6m 
stations in random directions originating from seven randomly selected 100 m x 100 m 
grid intersections. 
Table 4.1. Sample design for the geostatistical analysis of the flat land component 
Sample type Sample structure (m) Nos. of Nos. of 
repetitions samples 
Grid 100 x 100, where grid nodes on flat 1 45 
land component 
Grid 50 x 50 grid nodes randomly selected 1 5 
within a 100 x 100 grid cell 
Grid lOx 10 grid nodes randomly selected 1 16 
within the 50 x 50 grid 
Geometric 1 station, random direction 60 m from 7 7 
randomly selected 100 x 100 grid node 
on flat land component 
Geometric 2 stations, random directions, 19 m 7 14 
from grid node and 60 m station 
Geometric 4 stations, random directions, 6 m from 7 28 
grid node, 60 m and 19 m stations 
Total 115 
The observations at these sample points were used to construct semi-variograms for 
selected regolith thickness variables. The total of 115 observations made on the flat land 
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component is marginally greater than the minimum of 100 sample points suggested by 
Webster (1993) required for constructing a semi-variogram. 
Due to time and resource constraints the sampling procedure could not be repeated in 
SW2 and SW3. Instead the results from the spatial analysis on the flat in SW1 were used 
to improve the efficiency of the sampling design for the flats in SW2 and SW3. The 
approach taken follows that used by Di et ai. (1989), McBratney et ai. (1981) and 
McBratney and Webster (1981a). Regionalised variable theory links precision of estimates 
with both spacing and configuration of sampling and allows an optimal sampling scheme 
to be designed to achieve a specified precision (McBratney and Webster, 1981a). 
Estimation variances were calculated following interpolation by block kriging from 
rectangular grids of data and previously determined semi-variograms of the regolith 
variables. The optimal sample number and sample spacing were obtained from the plotted 
relationships between kriging standard error, sample number and sample spacing. 
Study windows, SW2 and SW3, were positioned at different locations within U3 
(Figure 4.1) to test that the initial soil-landscape relationships established in SW1 could be 
applied to the rest of U3. SW2 and SW3 were also used to examine the spatial variability 
of forest nutrients and forest productivity indices (Chapters 5 and 6 respectively). Four 
representative land components (one of each of the four land components) were selected 
and proportionally sampled as for SWl. On the flat, 16 sample points with a spacing of 
25 m, were used for SW2 and SW3. This was determined to be the optimal sampling 
design from the results of the geostatistical analysis described previously. 
4.6.3 Field survey and observations 
Approximately 500 holes were drilled by hand auger to Mamaku Ignimbrite bedrock. 
The average depth of profiles was 142 cm. At each sample point a record was made of 
physiographic position (Le. land component and land element), and slope. The soil 
morphological variables measured included soil horizons, soil horizon thickness, horizon 
colour (Munsell, 1992), soil texture and mottles. These were used for soil description and 
for the classification of soil series. Regolith thickness variables included upper Taupo 
Ignimbrite thickness, basal Taupo Ignimbrite thickness and total Taupo Ignimbrite 
thickness, the thickness of the yellowish-brown beds, and total regolith thickness. These 
measurements were used in the spatial and statistical analysis. The terminology used 
followed that of Milne et ai. (1995) unless otherwise stated. 
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4.6.4 Landscape stratification criteria 
Soil and regolith data were stratified as a nested hierarchy of increasing levels of spatial 
resolution (grainsize), based on the landscape delineation within U3 (Table 4.2). 
U3 as initially defined in Chapter 3 could potentially be a simple, complex or compound 
land system (refer to Chapter 2). Data were initially stratified by study window (SW) to 
test whether the land system was a simple land system or required reclassification as a 
compound or complex land system. Subsequently, data were stratified at finer levels for 
use in the various statistical and descriptive analyses described in Table 4.2. 
Table 4.2. Levels of stratification within U3 
Stratification 
Study window 
SW 
Land component 
LC 
Land component by study window 
SW*LC 
Land element 
LE(LC) 
Land element by study window 
SW*LE(LC) 
Rationale for stratification and effect tested 
Mean values across the land system; 
the effect between study windows. 
Mean values for each land component; 
the effect between different land components. 
Mean values for land components within study windows; 
the effect between the same land components across study 
windows and different land components within a study 
window. 
Mean values for each land element within each land 
component; 
the effect between different land elements within a land 
component. 
Mean values for land elements within land components, 
across study windows; 
the effect between the same land element within a land 
component across study windows. 
It is important to note that the land elements are specific to each land component and the 
total number of land elements within land components is not always the same. 
4.6.5 Data analysis 
The sample design and the stratification used in this study are multi-purpose, therefore 
there is a recognised compromise in the replication for the SW and LC strata. The 
limitations of time and resources in this study allowed only one of each of the land 
components to be sampled within a study window. Combining the land components of the 
three study windows provided a total of three replicates for each land component. This has 
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implications for the calculation of error in the analyses of variance (ANOV A) procedures 
discussed below. 
The first step of the data analysis was to determine at which level, within the land 
system stratification the variance for the regolith thickness variables was spatially 
structured. For this, ANOV A were carried out for each regolith thickness variable within 
each level of stratification and their combinations described in Table 4.2, to determine 
statistically significant differences between strata. The GLM and LSMEANS procedures 
in SAS software (SAS Institute, 1985) were used for all analyses. The least squares means 
test was used to examine these effects. The multiple analyses of variance (MANOV A) 
procedure was used to respecify SW*LC as the error term for the comparison of the means 
for SW and LC (C. Frampton, Pers. comm. 1999). Comparisons of the mean square and 
the calculated percentage of explained variance for each level of stratification were used to 
determine the level that provided the greatest explanation of the spatial variability for each 
regolith thickness variable. 
Geostatistical techniques (semi-variogram analysis) were used to identify spatial 
dependence for regolith variables on the flat land component in SWl. 
Only selected continuous regolith data were used in the geostatistical analysis (i.e. 
Taupo Ignimbrite thickness, yellowish-brown bed thickness and total regolith thickness). 
Semi-variograms were computed for regolith thickness variables and authorised models 
fitted (McBratney and Webster, 1986). 
The program SEMIVAR (Robertson, 1987) was used to produce anisotropic semi-
variograms for the regolith thickness variables. The GLM and LSMEANS procedures in 
SAS software (SAS Institute, 1985) was used to fit authorised bounded models to each 
semi-variogram. The programs SEMIVAR and BLOCK (Robertson, 1987) were used to 
determine block kriging error variance for a range of sample configurations to determine 
the most efficient sample design for flat land components of SW2 and SW3. 
4.7 Results and discussion 
4.7.1 Characteristics of the land components and coverbed-regolith 
4.7.1.1 Land components 
The characteristics of these land components, their land elements and the general 
distribution of the coverbed-regolith is diagrammatically depicted in Figure 4.2. 
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Figure 4.2. A diagrammatic representation of the land components, land elements and coverbed thickness within U3. 
The total topographic relief in U3, from the foot slope of the ravines to the summit of 
the hillocks is less than 50 metres. The dimensions of the land components in Figure 4.2 
and given below are based on the dimensions of the land components selected in this study. 
Hillocks are conical in form measuring about 50 metres in diameter and 15 metres in 
height. They consisted of a foot slope, back slope upper slope and a summit area. Slope 
form was concave, ranging from 15° on the foot slope, to 45° on the back slope, and 55° on 
the upper slope. Summit areas had a slope of less than 5°. 
Ridges were elongate, generally with a length more than 2 times greater than their 
width. On average they had a width of 60 metres and a height of 10 metres. They 
consisted of a foot slope, back slope upper slope and a ridge area. Slope form was 
concave, rangi11-g from 15° on the foot slope, to 25° on the back slope, and 35° on the upper 
slope. Ridge areas had a slope of less that 5°. 
Ravines had a length more than 5 times greater than their width. On average they had a 
width of 60 metres and a depth of 15 metres. They consisted of a shoulder slope, back 
slope and foot slope. Slope fOmi was convex to linear, ranging from 35° on the shoulder 
slope, to 25° on the back slope, and 12° on the foot slope. 
The area occupied by each land component within U3 was not be estimated because the 
identification of land components on aerial photographs was masked by the trees, and the 5 
metre contours of the 1: 10 000 scale maps did not provide a clear recognition of the land 
component boundaries. 
4.7.1.2 Taupo Ignimbrite 
Taupo Ignimbrite in SWI generally consisted of brown to yellowish brown or light 
greyish brown to light olive brown sands, loamy sands and sandy loams. Mean Taupo 
Ignimbrite thickness across the study site was 0.64 metres. Taupo ignimbrite consistently 
had a fine-grained upper portion (upper Taupo ignimbrite) overlying a coarse lithic and 
crystal rich basal portion (basal Taupo ignimbrite) (Plate 4.2). Sediments were poorly 
sorted, with no distinct continuous bedforms present. Charcoal fragments in the form of 
intact branches occupied the lower half of the upper Taupo Ignimbrite (see Plate 4.2). 
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Plate 4.2. The upper and basal Taupo Ignimbrite with charcoal evident in the upper Taupo Ignimbrite. 
A consistent relationship was observed between upper Taupo Ignimbrite thickness and 
total Taupo Ignimbrite thickness (Table 4.3). 
Table 4.3. Ratio of upper Taupo Ignimbrite thickness to total Taupo Ignimbrite thickness within U3 
Stratification 
SW 
LC 
SW*LC 
hillock 
ridge 
flat 
ravine 
SWI 
0.65 
hillock 
0.68 
SWI 
0.70 
0.62 
0.63 
0.66 
Study window 
SW2 SW3 
0.67 0.70 
Land component 
ridge 
0.67 
SW2 
0.64 
0.68 
0.67 
0.70 
flat 
0.68 
ravine 
0.66 
SW3 
0.67 
0.68 
0.75 
0.63 
I Pr>F indicates significance using a F-test; ns=not significant 
PDF' 
ns 
ns 
ns 
The mean ratio for U3 was 0.66; that is, on average the total Taupo Ignimbrite thickness 
consists of 2/3 upper Taupo Ignimbrite and 113 basal Taupo Ignimbrite. The ratio is not 
significantly different across the study windows, although a slight increasing trend south to 
north may suggest the winnowing out of the basal Taupo Ignimbrite towards its margins 
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(Table 4.3). There are no significant differences in the mean ratios between land 
components and between land components across study windows. Within land 
components the upper and basal Taupo Ignimbrite were not always clearly identifiable on 
the upper slopes of the hillocks and ridges, especially in SW3 and to a lesser degree SW2. 
This is probably due to post-deposition disturbance of the thin Taupo Ignimbrite on these 
land elements and not an absence of the two portions as these were clearly observed where 
disturbance was minimal. 
4.7.1.3 Yellowish-brown beds 
The yellowish-brown beds were predominantly silt loams with a greasy feel, ranging in 
colour from dark brown (lOYR 3/3) in the upper portion to dark yellowish brown (lOYR 
4/6) in the thicker lower portion. In the lower portion there was an occasional occurrence 
of sandy loam textures due to the incorporation of underlying weathered Mamaku 
Ignimbrite. Mean thickness across the study site was 0.71 metres. 
4.7.2 Spatial variability of regolith thickness variables 
The total regolith thickness for U3 shows a strong positive correlation with Taupo 
Ignimbrite thickness (Table 4.4). The strongest relationship is between upper Taupo 
Ignimbrite thickness and total regolith thickness. The correlation is positive and suggests 
that the total regolith thickness is determined by upper Taupo Ignimbrite thickness 
variability. 
Table 4.4. Correlation matrix of regolith thickness variables in U3 
Regolith Upper Taupo Basal Taupo Total Taupo YelIowish- Total 
thickness Ignimbrite Ignimbrite Ignimbrite brown beds regolith 
variable 
Upper Taupo 1.00 
Ignimbrite 
Basal Taupo 0.60 *** 1.00 
Ignimbrite 
Total Taupo 0.89 *** 0.86 *** 1.00 
Ignimbrite 
YelIowish-brown 0.17 *** 0.04 ns 0.10 * 1.00 
beds 
Total regolith 0.69 *** 0.62 *** 0.76 *** 0.58 *** 1.00 
ns=not significant, *=p < 0.05, ***=p < 0.001 
The general trend in total regolith thickness is diagrammatically presented in Figure 4.2. 
The total regolith depth varied between landforms, generally being greatest on flats and 
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significantly thinner on hillocks, while the mean depths on the ridges and ravines are not 
significantly different. These relationships are consistent across study windows. 
The two main constituents of the coverbed-regolith are the Taupo Ignimbrite and the 
yellowish-brown beds. Any differences in Taupo Ignimbrite thickness and yellowish-
brown bed thickness were identified using stratification by land system described 
previously. Significant differences are presented separately for Taupo Ignimbrite and the 
yellowish:-brown beds. They are discussed by land component and then by land element 
within individual land components to highlight differences for each land component across 
study windows. 
4.7.2.1 Taupo Ignimbrite thickness 
There are no si~ificant differences in the thickness of Taupo Ignimbrite across the 
study windows. However, a decreasing trend in mean thickness from 81 cm in the south to 
41 cm in the north (Table 4.5) was identified. For the LC (land component) stratification 
the greatest thickness is found on the flats (85 cm) and the thinnest on the hillocks (31 cm), 
with no significant differences in thickness observed between the ridges and ravine land 
components (48 cm and 53 cm respectively). A trend of decreasing Taupo Ignimbrite 
thickness, from south to north was also evident for each of the land components, when 
stratified by SW*LC (Table 4.5). 
Table 4.5. Taupo Ignimbrite thickness for stratifications within U3 
Stratification 
SW 
LC 
SW*LC 
hillock 
ridge 
ravine 
flat 
hillock 
31 c 
SWI 
46 
57 
66 
107 
Study windows 
SW2 
55 
Land component 
ridge 
48 b 
SW2 
44 
46 
60 
89 
ravine 
53 b 
1 Pr>F indicates significance using a F-test; ns=not significant, *=p<0.05 
2 mean, means with the same letter are not significantly different (p<0.05) 
SW3 
41 
flat 
85 a 
SW3 
33 
46 
36 
59 
ns 
* 
ns 
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This suggests that the spatial variability of the Taupo Ignimbrite is predominantly 
determined by topographic variability (land components), but may be influenced by a long-
range decrease in Taupo Ignimbrite thickness,south to north, away from Taupo Volcanic 
Centre. Both factors are characteristics of Taupo Ignimbrite emplacement. Locally, Taupo 
Ignimbrite ponds on the flats and to a lesser extent in the ravines, and thins with an 
increase in slope, on the hillocks and ridges. These features are synonymous with the 
large-scale distribution model that determines the distribution of valley ponded Taupo 
Ignimbrite in topographic lows and associated Taupo Ignimbrite veneer deposits over 
sloping and elevated topography. Linear models were fitted to the mean Taupo Ignimbrite 
thickness values for each of the land components, in each study window to see whether the 
models could be used to quantify the long range decrease in Taupo Ignimbrite thickness. 
A limited number of observations of Taupo Ignimbrite thickness from the reconnaissance 
fieldwork were used to test the model fit (labelled "Asteroid Road" in Figure 4.3). 
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Figure 4.3. Linear models of Taupo Ignimbrite thickness for land components across U3 (fitted to the means 
for SWl, SW2 and SW3). 
There was a good approximation for hillock and ridge land components. The thickness 
of Taupo Ignimbrite was underestimated for the flat and ravine. This was possibly because 
the actual decrease in thickness away from source was not linear and was accentuated for 
the thicker Taupo Ignimbrite on the flats and ravines. However in the absence of adequate 
observations to support the use of an alternative model, linear models were fitted including 
the Asteroid Road observations (Figure 4.4) to provide an initial estimate of Taupo 
Ignimbrite thickness across the U3 land system. 
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Figure 4.4. Linear models of mean Taupo Ignimbrite thickness for land components across U3 
(fitted to the means for SWl, SW2 and SW3 and casual observations at Asteroid Road). 
Within land components there is a significant decrease in thickness with topographic 
elevation on the hillocks and ridges compared with the ravines (Tables 4.6 to 4.8). For 
hillocks the thickness of Taupo Ignimbrite increases down slope, with thickness on the 
back slope and foot slope significantly thicker than for the summit area (Table 4.6, 
LE(LC)). This relationship holds for SWI and SW2, but the decrease down slope in SW3 
is not as pronounced. 
With the exception of the foot slope there is no obvious trend associated with the 
significant differences observed for each land element between study windows (see Table 
4.6, SW*LE(LC)). This indicates that Taupo Ignimbrite thickness varies more within a 
hillock than between hillocks of different study windows. 
Table4.6. Taupo Ignimbrite thickness for land elements within the hillock land component 
Stratification 
LE(LC) 
SW*LE(LC) 
SWI 
SW2 
SW3 
summit area 
7c 
summit area 
Of 
Of 
22cde 
Land element 
upper slope back slope 
25 bc 38 ab 
upper slope back slope 
15 ef 20 de 
39bcd 60 ab 
21 ce 32 cde 
I Pr>F indicates significance using a F-test; ***=p<O.OOI 
2 mean, means with the same letter are not significantly different (p<0.05) 
foot slope 
55 a 
foot slope 
68 a 
56 ab 
43 bc 
*** 
*** 
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The thickness of Taupo Ignimbrite on the ridges increases down slope, but more 
gradually than for hillocks (Table 4.7). This is probably directly related to slope and 
relative topographic elevation. The relationship holds for SWI and SW2, but there are no 
significant differences between land elements on ridges in SW3. There is no evidence of a 
long-range gradient in the thickness of Taupo Ignimbrite between land elements of ravines, 
within different study windows. 
Table 4.7. Taupo Ignimbrite thickness for land elements within the ridge land component 
Stratification 
LE(LC) 
SW*LE(LC) 
SWI 
SW2 
SW3 
ridge area 
27 c2 
ridge area 
32 bc 
12 c 
36 bc 
Land element 
upper slope back slope 
45b 60a 
upper slope back slope 
56ab 71 a 
42 bc 55 ab 
36bc 52 ab 
I Pr>F indicate"s significance using a F-test; ***=p<O.OOI 
2 mean, means with the same letter are not significantly different (p<0.05) 
foot slope 
59 a 
foot slope 
70a 
53 ab 
56 ab 
*** 
*** 
There are no significant differences in the thickness of Taupo Ignimbrite between the 
land elements for ravines. This pattern of thickness variation held for study window 3 
only, but in SWI and SW2 significant differences that did occur followed no particular 
trend (Table 4.8, SW*LE(LC)). 
Table 4.8. Taupo Ignimbrite thickness for land elements within the ravine land component 
Stratification 
LE(LC) 
SW*LE(LC) 
SWI 
SW2 
SW3 
shoulder slope 
552 
shoulder slope 
80 a 
43 cd 
42 cd 
Land element 
back slope foot slope 
50 54 
back slope foot slope 
44 bcd 64 abc 
66 ab 71a 
39 cd 27 d 
I Pr>F indicates significance using a F-test; ns=not significant, ***=p<O.OOI 
2 mean, means with the same letter are not significantly different (p<0.05) 
ns 
*** 
The significantly thinner Taupo Ignimbrite on the upper slopes of the hillocks and 
ridges, combined with the relatively thicker Taupo Ignimbrite down slope could be 
interpreted as being the result of post-deposition erosion and subsequent redeposition. 
This scenario supports the hypothesis of primary deposition by airfall with thickening on 
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the lower slopes and flats resulting from fluvial erosion to produce water-sorted Taupo 
Pumice deposits. However, the observations of near continuous fine upper and basal 
Taupo Ignimbrite (see Chapter 4.6.1.1) reaffirm its recognition. Thickening down slope is 
thought to represent the "draining" of the Taupo Ignimbrite from the upper to lower slopes 
immediately following emplacement (C. Wilson, Pers. comm. 1998). 
4.7.2.2 Yellowish-brown beds 
Yellowish-brown bed thickness remains relatively constant across study windows 
(Table 4.9). 
Between land components yellowish-brown beds are significantly (p<O.Ol) thicker for 
the flats and significantly thinner for the hillocks. There is no significant difference in the 
thickness of yellowish-brown beds between the ravines and ridges (Table 4.9). There are 
no significant differences between the land components across the study windows. This 
suggests that the yellowish-brown beds are relatively constant across U3. The absence of a 
distinct thickness gradient is to be expected for composite tephra beds consisting of 
multiple tephras, as opposed to a single tephra, which tends to gradually decrease in 
thickness from source. 
Table 4.9. Thickness of the yellowish-brown beds for stratifications within U3 
Stratification 
SW 
LC 
SW*LC 
hillock 
ridge 
ravine 
flat 
SWI 
73 
hillock 
55 c 
SWI 
58 
67 
74 
76 
Study window 
SW2 
65 
Land component 
ridge 
68 b 
SW2 
49 
69 
64 
78 
flat 
81 a 
1 Pr>F indicates significance using a F-test; ns=not significant, **=p<O.OI 
2 mean, means with the same letter are not significantly different (p<0.05) 
SW3 
75 
ravine 
70b 
SW3 
57 
68 
70 
90 
ns 
** 
ns 
Within hillock land components there is some evidence for the erosion and redeposition 
of the yellowish-brown beds. Yellowish-brown beds are significantly thinner on the 
steeper upper slope and thickness increases down slope on the more gentle back and foot 
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slope (Table 4.10). This relationship is generally consistent between study windows but is 
complicated by random variability in the thickness of the yellowish-brown beds within the 
hillocks. There is no obvious trend associated with the significant differences observed 
between land elements between study windows. 
Table 4.10. Thickness of yellowish-brown beds for land elements within the hillock land component 
Stratification Land element Pr>F1 
LE(LC) summit area upper slope back slope foot slope 
16 c2 58 b 72ab 72a *** 
SW*LE(LC) summit area upper slope back slope foot slope 
SWI 49b 48 b 60ab 77a 
SW2 Oc 51 b 86 a 59 ab *** 
SW3 Oc 75 a 70ab 81 a 
I Pr>F indicates significance using a F-test; ***=p<O.OI 
2 mean, means with the same letter are not significantly different (p<0.05) 
There are no significant differences in the thickness of the yellowish-brown beds on the 
ridges (Table 4.11). This indicates minimal erosion and redeposition of yellowish-brown 
beds within the ridges. The relationship remains constant across study windows. As with 
the hillocks there is no evidence of a long-range gradient in the thickness of the yellowish-
brown beds, as indicated by the absence of significant differences in thickness for land 
elements between study windows. 
Table 4.11. Thickness of yellowish-brown beds for land elements within the ridge land component 
Stratification Land element 
LE(LC) ridge area upper slope back slope 
672 66 66 
SW*LE(LC) ridge area upper slope back slope 
SWI 72 ab 69 ab 51 b 
SW2 68 ab 62ab 78a 
SW3 62 ab 68 ab 69 ab 
i Pr>F indicates significance using a F-test; ns=not significant, ***=p<O.OI 
2 mean, means with the same letter are not significantly different (p<0.05) 
Pr>Fi 
foot slope 
72 ns 
foot slope 
76 a 
67 ab *** 
72 ab 
Within ravines there are significant differences in yellowish-brown bed thickness 
between land elements and for land elements across study windows (Table 4.12). Foot 
slopes are significantly thicker (p<O.OOI) than shoulder and back slopes. This due to the 
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significantly thicker yellowish-brown beds on the foot slope in SW3. The thickness of the 
yellowish-brown beds on the foot slope increases from SWI to SW3 and decreases on the 
shoulder slope in the same direction. Y ellowish~brown bed thickness on the back slope is 
not significantly different between study windows. 
Table 4.12. Thickness of yellowish-brown beds for land elements within the ravine land component 
Stratification Land element Pr>F1 
LE(LC) shoulder slope back slope foot slope 
66 b2 64 b 81 a *** 
SW*LE(LC) shoulder slope back slope foot slope 
SW1 97 a 64 bc 61 bc 
SW2 59c 61 bc 82 ab *** 
SW3 42c 67b 101 a 
1 Pr>F indicates significance using a F-test; ***=p<0.001 
2 mean, means with the same letter are not significantly different (p<0.05) 
The greatest variation in thickness is between land elements within land components. 
This is most marked on the hillock and ravine. These land components have the steepest 
slopes suggesting erosion on the steeper upper slope and redeposition on the foot slopes 
and to a lesser degree the back slopes. For the yellowish-brown beds, there is no evidence 
of a long-range increase in thickness towards the Rotorua and Okataina volcanic centres, 
east of the southern Mamaku Plateau. 
4.7.3 The spatial variability of regolith thickness variables on the flat land component 
On the flats, semi-variograms were used to characterise spatial dependence for regolith 
thickness variables (Taupo Ignimbrite, yellowish-brown beds and total regolith). Semi-
variograms were plotted and appropriate models fitted (Table 4.13). 
Table 4.13. Coefficients of the bounded models fitted to the semi-variograms ofregolith thickness on the flat 
by weighted least squares approximation 
Regolith Model Nugget Sill (c), Range (A), Model fit 
variance (co), (cm2) (metres) (r2) 
(cm2) 
Taupo Spherical 381.3 750.6 46 0.92 
Ignimbrite 
Yellowish- Linear 231.3 553.6 210 0.79 
brown beds with sill 
Total regolith Linear 294.1 835.5 60 0.89 
with sill 
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All three semi-variograms have a high nugget variance, indicating a large proportion of 
random variance below the minimum sampling interval (Webster and Oliver, 1990). For 
Taupo Ignimbrite, approximately 51 % of the spatial variability is evident below a lag of 9 
m, with the remaining spatial dependence expressed within a range of 46 m (Figure 4.5a). 
The yellowish-brown beds display spatial dependence out to a range of 210 metres, and 
total depth to 60 metres. The difference in range between the Taupo Ignimbrite and 
yellowish-brown beds contrasts the modes of deposition. The high nugget variance and 
short range spatial dependence exhibited by the Taupo Ignimbrite characterises an 
ignimbrite where turbulence within the flow and its sensitivity to existing topography 
govern ignimbrite thickness. The yellowish-brown beds are derived from primary tephras, 
which mantle existing topography uniformly. The longer range of spatial dependence for 
yellowish-brown bed thickness (Figure 4.5b) reflects this. The range of spatial dependence 
for total regolith depth (Figure 4.5c) and Taupo Ignimbrite thickness (Figure 4.5a) are 
similar, while the spatial dependence of the yellowish-brown beds is over a significantly 
longer range. This further supports the conclusion that the spatial. variability of Taupo 
Ignimbrite thickness is the predominant influence on the total thickness of regolith, 
whereas the spatial variability of yellowish-brown bed thickness contributes less. 
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Figure 4.5. Semi-variograms ofregolith thickness variables. (a) Taupo Ignimbrite, (b) yellowish-brown beds 
and (c) total regolith. 
4.7.4 The structure of spatial variability for regolith thickness 
Not all of the regolith variables show significant differences in thickness for the same 
land system stratification. For a soil map to be effective its map units should have 
dimensions comparable to the resolution at which the explained spatial variance is greatest. 
Structured spatial variance is indicated when the differences between the mean values for a 
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variable stratified at a particular resolution are statistically significant. In this study the 
finest-grain stratification at which this occurs is termed the most efficacious stratification. 
The most efficacious stratification for each regolith thickness variable is given in Table 
4.14. 
Table 4.14. Most efficacious stratification of spatial variability for regolith thickness 
Regolith thickness 
variable 
Taupo Ignimbrite 
Yellowish-brown 
beds 
Stratification with 
significant differences 
LC and SW*LE(LC) 
LC and SW*LE(LC) 
Grain at which 
variability is spatially 
structured 
Land elements within 
land components, 
between study windows 
Land elements within 
land components, 
between study windows 
Efficacious stratification 
SW*LE(LC) 
SW*LE(LC) 
The spatial variability of Taupo Ignimbrite thickness and yellowish-brown bed 
thickness is structured for land components within U3, and for land elements for each 
study window between land components. The stratification by land elements within land 
components, between study windows is the finest grain stratification and provides the 
greatest explanation of the spatial variability for Taupo Ignimbrite and yellowish-brown 
bed thickness. However stratifying at a coarser grain, by land components within U3 
would provide some explanation and for the purposes of land management would be more 
practical. 
4.7.5 Soil taxonomic variability: soil series 
Soil formation and pattern on the southern Mamaku Plateau are the product of two main 
gradients of change: 1) intensity of leaching, which generally increases with elevation; and 
2) thinning of Taupo Ignimbrite from source and across land components. Criteria used to 
classify soil series divide these two gradients, namely the presence of soil horizons 
characterising podzolisation and the thickness of Taupo Ignimbrite in the soil profile. The 
modal soil profiles representing the soil series observed in U3 are described below in order 
of increasing expression of podzol soil featu~es and Taupo Ignimbrite thickness. 
4.7.5.1 Haupeehi (Ha) 
The Haupeehi series are classified as Typic Orthic Allophanic Soils (Hewitt, 1993b). 
They typically have a very dark greyish brown (lOYR 3/2) sandy loam A horizon over a 
light olive brown (2.5Y 5/4) sandy loam BC horizon formed in yellowish-brown beds 
mixed with weathered Mamaku Ignimbrite. Few, medium to coarse Mamaku Ignimbrite 
fragments are present in the BC horizon directly overlying Mamaku Ignimbrite bedrock. 
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4.7.5.2 Ngakuru (Na) 
These Typic Orthic Allophanic Soils include up to 10 cm of dark brown (IOYR 3/3) 
fine sandy loam Ah or Ap in Taupo Ignimbrite over a 75 cm dark yellowish brown (IOYR 
4/4-4/6) 2Bw horizon with silt loam texture formed in the yellowish-brown beds. In some 
instances an underlying light olive brown (2.5Y 5/4) 3BC formed in weathered Mamaku 
Ignimbrite is present. 
4.7.5.3 Taupo (Tp) 
The Taupo series are Immature Orthic Pumice Soils. They typically have a 12 cm black 
(lOYR 2/1) fine sandy loam Ah with 40 cm of dark yellowish brown (IOYR 4/4) to 
yellowish brown (IOYR 5/4) sandy loam Bw formed in the upper Taupo Ignimbrite (Plate 
4.3). Underlying this is a 25 cm brown (IOYR 5/3) to light olive brown (2.5Y 5/4) loamy 
sand BC formed in the coarser Taupo Ignimbrite. A 4-10 cm grey to olive brown (2.5Y 
4/3) sandy loam C horizon, formed in an unnamed tephra directly underlies Taupo 
Ignimbrite. Beneath the 2C horizon is 70 cm of dark yellowish brown (IOYR 4/4-4/6) silt 
loam buried Bw horizons formed in the yellowish-brown beds. These overlie Mamaku 
Ignimbrite or less frequently a light olive brown (2.5Y 5/4) sandy loam BC formed from 
weathered Mamaku Ignimbrite. A 10 cm, brown (lOYR 4/3) C horizon with a sandy loam 
texture is commonly present between the Taupo Ignimbrite and yellowish-brown beds. 
4.7.5.4 Ngongotaha (No) 
Classified as Humose Orthic Podzols these soils typically have a black (10YR 2/1) fine 
sandy loam Ah with a 9 cm dark brown (7.5YR 3/2) fine sandy loam Bh in Taupo 
Ignimbrite. The underlying Bw horizons are dark yellowish brown (IOYR 4/4-4/6) silt 
loams formed in the yellowish-brown beds, usually 100 cm thick, over a light olive brown 
(2.5Y 5/4) sandy loam BC formed from weathered Mamaku Ignimbrite, or directly on the 
Mamaku Ignimbrite. 
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Plate 4.3. Soil profile representing the Taupo series. 
4.7.5.5 Oruanui (Oi) 
These Podzolic Orthic Pumice Soils, have a IS cm very dark brown (7.5YR 2.5/2 or 
10YR 2/2) sandy loam A horizon, a 10 cm very dark brown (7.5YR 2.S/2) to dark reddish 
brown (SYR 2.S/2) fine sandy loam Bh horizon, over a 30 cm dark yellowish brown 
(IOYR 4/4-4/6) sandy loam Bw horizon formed in the upper Taupo Ignimbrite. In the 
underlying basal Taupo Ignimbrite is a 30 cm brown (I OYR 5/4) or light olive brown 
(2.SY S/3) BC horizon, with a loamy sand texture. A 4-10 cm grey to olive brown (2.SY 
4/3) sandy loam C horizon formed in an unnamed tephra directly underlies Taupo 
Ignimbrite. This in tum overlies dark yellowish brown (IOYR 3/4-4/4 and 10YR 4/6) silt 
loam buried Bw horizons formed in 70 cm of yellowish-brown beds on Mamaku 
Ignimbrite bedrock. Imperfect drainage is indicated in less than one percent of these soils 
by the presence of low chroma colours in a buried Bw(g) horizon formed in the lower 
yellowish-brown beds. The buried Bw(g) horizon has an olive brown (2.SY 4/3) matrix 
with 10 to 20% yellowish red (SYR 4/6) medium mottles. A 10 cm brown (IOYR 4/3) C 
liS 
horizon with a sandy loam texture is commonly present between the Taupo Ignimbrite and 
yellowish-brown beds. 
4.7.5.6 Mamaku (Mk) 
The Mamaku soils (Humose Orthic Podzols) typically have 9 cm of very dark brown 
( IOYR 2/2) sandy loam Ah horizon, a greyish brown (I OYR 5/2) loamy sand E horizon 
and a very dark brown (7.5YR 2.5/2) fine sandy loam Bh horizon (Plate 4.4). A thin dark 
yellowish brown (lOYR 3/6) sandy loam Bw horizon may be present. All are formed in 
Taupo Ignimbrite and within 30 em of the mineral soil surface. Underlying is a dark 
yellowish brown (lOYR 3/4) silt loam buried Bw or Bws horizon (20 cm thick), over a 60 
cm thick dark yellowish brown (IOYR 4/6) buried Bw horizon with a silt loam texture, on 
Mamaku Ignimbrite . 
Plate 4.4. Soil profile representing the Mamaku series. 
116 
4.7.5.7 Tihoi (Toi) 
Also classified as Humose Orthic Poclzols, these soils have a 9 em black (lOYR 211) or 
very dark grey (IOYR 3/1) sandy loam Ah horizon over a (lOYR S/2) loamy sand E and a 
very dark brown (7.SYR 2.S/2) fine sandy loam Bh horizon. Underlying is a 20 em dark 
brown (7.SYR 3/6) sandy loam Bs horizon on a 20 cm light olive brown (2.SY S/3) loamy 
sand BC horizon. All horizons are formed in Taupo Ignimbrite. Where the Taupo 
Ignimbrite is thicker a thin yellowish brown (IOYR S/4) sandy loam Bw horizon is formed 
below the Bs horizon in the upper Taupo Ignimbrite. A 4-9 cm olive brown (2.SY 4/3) 
sandy loam C horizon formed in an unnamed tephra directly underlies the Taupo 
Ignimbrite. In the underlying yellowish-brown beds a dark yellowish brown (IOYR 3/4) 
silt loam buried Bwl horizon (20 cm thick) sits above a 60 cm thick dark yellowish brown 
(IOYR 4/6) buried Bw2 horizon with silt loam texture lying on Mamaku Ignimbrite. A 9 
cm brown (IOYR 4/3) C horizon with a sandy loam texture is commonly present between 
the Taupo Ignimbrite and yellowish-brown beds. 
The C horizon underlying Taupo Ignimbrite, described in the modal soil profiles 
representing the Taupo, Oruanui and Tihoi series was not consistently recognised. Its 
thickness was variable but generally about 10 cm. It was initially thought that the C 
horizon represented part of the basal layer sediments of the Taupo Ignimbrite, but later the 
possibility of an andesitic tephra was proposed (p. Tonkin, Pers. comm. 1997). If the 
horizon does represent an andesitic tephra its stratigraphic position suggests that it was 
deposited after the Whakatane Tephra (c. 4800 yrs B.P.) and prior to the emplacement of 
the Taupo Ignimbrite (c. 18S0 yrs B.P.). A possible source during this period would be the 
Taranaki region (Lowe, 1988). Four Egmont tephras were recognised by Lowe (1988) in 
cores taken from Lake Okoroire, about 20 km to the north west of the Mamaku Plateau. 
Of the tephras recognised, Egmont-2 (c. 3700 yrs B.P.) and Egmont-4 (c. 4100 yrs B.P.) 
seem the most likely, given their coarse texture and dark or brownish colours (Lowe, 
1988). Alternatively, the C horizon may represent the Mapara Tephra (c. 2160±2S yrs 
B.P.), a rhyolitic tephra from the Taupo Volcanic Centre (Froggatt and Lowe, 1990), first 
described by Vucetich and Pullar (1973) to the south-east of the Mamaku Plateau. The 
Mapara Tephra thins from source to the north east and was possibly observed in sediments 
of Lake Okoroire 20 km to the north west of the southern Mamaku Plateau (Lowe, 1988). 
On the southern Mamaku Plateau the Mapara Tephra is likely to consist of 3 to 10 em of 
black to yellowish brown loamy sand to sand (Vucetich and Pullar, 1973). Further 
research is required to determine the nature of the sediments comprising the C horizon and 
its distribution on the southern Mamaku Plateau. 
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The relationships between soil series as they relate to the Taupo Ignimbrite thickness 
gradient and leaching regime are presented as a fence diagram (Figure 4.6.), with the 
positioning of soil series determined by Taupo Ignimbrite thickness (x axis) and expression 
of podzolic features (y axis). The Haupeehi series is not represented in Figure 4.6. 
Conceptually the Haupeehi series is considered an extension of the Ngakuru series, with no 
Taupo Ignimbrite present and subsoil consisting of a BC horizon formed in Mamaku 
Ignimbrite regolith mixed with a lesser portion of the yellowish-brown beds. 
Tihoi Series Mamaku Series 
1 
Taupo Ignimbrite thinning ----+ 
Figure 4.6. Conceptual variation in soil horizons and soil series limits along two gradients, Taupo Ignimbrite 
thinning and increased leaching. 
4.7.6 Soil spatial variability 
The spatial analysis of soil series in Table 4.15 shows little variation in the soil pattern 
at land component grain within a study window. On the flats there is an absence of soil 
series with thin Taupo Ignimbrite, namely Haupeehi (Ha), Ngakuru (Na), Ngongotaha (No) 
and Mamaku (Mk) series. Across study windows, the change in soil series abundance 
reflects leaching regime and Taupo Ignimbrite thickness. On the hillocks and ravines the 
dominant series shifts from Taupo (Tp) and Ngakuru in SW1, to Tihoi (Toi) and Mamaku 
in SW2 and SW3 (Table 4.15). On ridges the dominant soil series change from Taupo and 
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Oruanui (Oi) in SWI , to T ihoi and Taupo in SW2, and T ihoi and Mamaku in SW3. On 
flats the dominan t soil series change from Taupo and Oruanui in SW1 , LO T ihoi and Taupo 
in SW2, and Ti hoi and Oruanui in SW3. 
Table 4 . 15. Frequency (%) of soil series on land components within each study window (SW ) 
Locat ion Soil series I 
Ha Na Tp No Oi Mk Toi 
SW I 
hi llock 
10 10 2 
ridge 
2 13 6 2 
ravine 
8 14 3 
nat 
19 4 
total 20 57 16 4 
SW2 
hi llock 
2 8 13 
ridge 
2 7 2 13 
ravine 
3 3 17 
nat 
3 
tota l 2 4 15 0 3 II 65 
SW3 
hi llock 
3 6 15 
ridge 
6 17 
ra vine 
3 5 16 
nat 
3 
total 0 4 0 8 17 70 
Shading indicates percentage class: 
1-2% 3-4% 5- 10% 11-20% >20% 
I Ha=Haupeehi , Na=Ngakuru, Tp=Taupo, No=Ngongotaha, Oi=Oruanui, Mk=Mamaku, 
Toi=Tihoi. 
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4.7.6.1 Factors controlling soil spatial variability 
The class limits for the soil series are defined by only two variables, namely Taupo 
Ignimbrite thickness and expression of podzolisation. Therefore the soil variability within 
study windows can be interpreted in terms of either short-range variability of Taupo 
Ignimbrite thickness (described previously in this chapter), or short range leaching 
gradients determined by surface topography or local vegetation effects. 
Variation in Taupo Ignimbrite thickness is topographically controlled over the short-
range. Leaching gradients at land component and land element grain are presumed to arise 
from dispersion and concentration of subsurface unsaturated flow determined by surface 
profile, contour curvature and contributing area. 
Short-range vegetation effects related to throughfall, stemflow and tree uprooting 
(including windthrow), give rise to variability in the soil moisture regime, soil chemistry 
and soil morphology (Zinke, 1962; Gersper and Hollowaychuk, 1971; Ford and Deans, 
1978; Vucetich and Wells, 1978; Schaetzl et al., 1989; Adams and Norton, 1991; Derks 
and Almond, 1997). Short-range soil variability may occur independent of 
microtopography, with the spatial variability in soil development primarily related to the 
redistribution of rainfall by throughfall and stemflow (Gersper and Hollowaychuk, 1971; 
Ford and Deans, 1978; Derks and Almond, 1997). Short range soil variability caused by 
tree uprooting and windthrow is a function of soil disturbance, which results in a 
redirection of the soil development pathway, often regressive (Johnson, 1987; Schaetzl et 
al., 1989; Adams and Norton, 1991). 
Table 4.16 shows an interpretation of the effects responsible for soil series variation 
across and within study windows, based on the assumptions above. Four effects are 
recognised; (L), a long-range leaching gradient effect stemming from the rainfall gradient 
across U3; (1), a short-range leaching effect brought about by variation in topography and 
contributing area; (t) a short-range (within a land component) thinning effect on Taupo 
Ignimbrite, by topographic influences on emplacement; and (v) a short-range mosaic effect 
related to previous native vegetation. 
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Table 4.16. Effects controlling the soil pattern on land components across study windows. The dominant 
soil series are given, with dominant effect(s) influencing soil variability in brackets 
Land component 
Hillock 
Ridge 
Ravine 
Flat 
SWI 
L 
Taupo = Ngakuru > 
Oruanui 
(t> 1) 
Taupo> Oruanui > 
Ngakuru = Tihoi 
(I> t) 
Taupo> Ngakuru > 
Oruanui 
(t> I) 
Taupo> Oruanui > Tihoi 
(v) 
L = long range leaching gradient 
I = short range leaching gradient 
SW2 
Tihoi > Mamaku > 
Haupeehi 
(t) 
Tihoi > Taupo> 
Ngakuru = Oruanui 
(1 > t) 
Tihoi> 
Mamaku = Taupo 
(t and 1) 
Tihoi > Taupo 
(v) 
t = short range Taupo Ignimbrite thickness distribution 
v = vegetation effects 
SW3 
Tihoi > Mamaku > 
Oruanui 
(t) 
Tihoi > Mamaku > 
Oruanui 
(t> I) 
Tihoi > Mamaku > 
Ngakuru 
(t) 
Tihoi > Oruanui 
(v) 
Within hillock land components subdominant soils reflect Taupo Ignimbrite thickness 
distribution. Within ridges, the soil variability most strongly reflects the short range 
leaching gradient in SW1 and SW2, and Taupo Ignimbrite thickness distribution in SW3. 
Soil series variability observed on the flats is interpreted as an expression of the native 
vegetation prior to establishment of P. radiata plantations. This interpretation is based on 
the occurrence of vegetation related soil variation on Taupo Tephra derived soils in the 
central North Island described by (Vucetich and Wells, 1978). 
Vucetich and Wells (1978) attributed variations in soil development on soils derived 
from Taupo Tephra to the mosaic of forest vegetation. Local variations in the composition 
of mor litter producing vegetation, predominantly rimu and matai, which have given rise to 
pockets of soils with A horizon overlying an E horizon and/or a Bh horizon over a Bw 
horizon (Vucetich and Wells, 1978). These areas are interspersed with areas dominated by 
mull litter producing vegetation, such as totara, mahoe (Melicytus ram ijlo rus) and 
Pittosporum spp. Here the soils have an A horizon directly overlying a Bw horizon. The 
resulting soil pattern is a complex mosaic of soil with varying expressions of podzolic soil 
features. Short-range spatial variability of the soils within all land components is also 
likely to be an effect of site disturbance, resulting from tree uprooting either by windthrow 
or forestry operations such as harvesting. Disturbance and mixing of the soil horizons 
within the soil can be viewed as soil regression (Johnson, 1987), whereby soil 
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development, soil fonnation, and organisation (e.g. soil podzolisation processes) are 
morphologically simplified. For example, the mixing of E and Bh horizons with the 
overlying A horizon would produce a morphologically simplified soil with a thickened A 
horizon. Although I am unable to substantiate the effects the previous native vegetation 
cover has had on soil development and pattern o~served, it is likely that vegetation 
composition has played an important role in determining short range soil variability in U3. 
4.8 Reclassification of the U3 land system 
The reclassification of a land system requires additional detailed observations, as stated 
in Chapter 2. The land system, U3, can be reclassified as either a simple, complex or 
compound land system (see Chapter 2 for land system definitions) by comparing the 
applicability of specific soil-landscape models in each of the study windows. The land 
components are consistent between the study windows and meet the criteria of being 
geomorphogenetically related and forming a simple recurring pattern. The distribution of 
the soils indicates that the pattern is not consistent across study windows; abundance of 
soil series shifts between SW1 and SW3. Therefore, the U3 land system can not be 
considered a single simple land system. It is more appropriately classified as a complex 
land system consisting of two simple land systems. The variability of the soils between 
study windows is principally determined by leaching gradient. The soil pattern is 
gradational between study windows with podzolisation increasing in a northerly direction, 
from SW1 to SW3. The interpretation is that SW1 and SW3 are representative of the soils 
within separate simple land systems, within the U3 complex land system. The boundary 
between the two simple land systems is viewed as gradational, and the soils here are 
represented by SW2. 
The area occupied by the U3 complex land system was mapped by Rijkse (1994) as 
complex soil map units dominated by the Oruanui series in the south and Mamaku series in 
the north. The boundary between the transition from complexes dominated by Oruanui 
series to complexes by Mamaku occurs just to the north of SW2. 
It is proposed that the two simple land systems within the U3 complex land system be 
named Oruanui (represented by SW1) and Mamaku (represented by SW3) to maintain 
continuity with the soil map of Rijkse (1994). Features characterising and defining the 
reclassified complex land system are presented in Table 4.17. 
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Table 4.17. Definition and description of the U3 complex land system 
Land system 
Simple land system Oruanui 
Elevation range (mASL) 480-600 
Est. rainfall (rom yr-l) 1600-1800 
Ignimbrite stratigraphy Middle and basal Mamaku Ignimbrite units 
Landform evolution stage Stage II 
Land components Hillock Ridge Flat Ravine 
Basal coverbed-regolith Rotorua Tephra Rotorua Tephra Rotorua Tephra Rotorua Tephra 
feature 
Estimated coverbed <2.5 <2.5 <2.5 <2.5 
thickness (m) 
Soils Toi, Oi, No, Tp, Toi, Mk, Oi, Tp, Tp, Oi, Toi Oi, Tp,Na 
Na,Ha Na 
---
Ha=Haupeehi, Mk=Mamaku, Na=Ngakuru, No=Ngongotaha, Oi=Oruanui, Toi=Tihoi, Tp=Taupo 
-tv U.) 
U3 
Mamaku 
480-600 
1800-2000 
Middle and basal Mamaku Ignimbrite units 
Stage II 
Hillock Ridge Flat Ravine 
Rotorua Tephra Rotorua Tephra Rotorua Tephra Rotorua Tephra 
<2.5 <2.5 <2.5 <2.5 
Toi, Mk, Oi, No, Toi,Mk,Oi Toi,Oi, Toi, Mk, Oi" Na 
Na 
4.9 Appropriate soil map grain as determined by soil morphological variability 
Soil morphological variability within and between study windows can be viewed as 
predominantly reflecting the variability of Taupo Ignimbrite thickness and the leaching 
gradient over the long and short range (i.e. between and within study windows 
respectively). Therefore the most appropriate grain for displaying soil variability 
corresponds to the level of stratification that most effectively partitions variability of 
Taupo Ignimbrite thickness and leaching. For Taupo Ignimbrite thickness, the variability 
was structured at land component grain and alsoby land elements within land components 
of simple land systems, SW*LE(LC). For the purposes of selecting the most appropriate 
grain for displaying soil variability, partitioning by land component is considered more 
efficient as it is less intensive (less sampling) and will provide an effective representation 
of soil variability reflecting Taupo Ignimbrite thickness. The soil morphological 
variability arising from the leaching gradient was most evident between study windows, or 
for the reclassified complex land system, U3, between simple land systems. In U3, land 
component within simple land systems is considered to be the most appropriate grain for 
encapsulating the soil variability in terms of Taupo Ignimbrite thickness and leaching. 
4.10 Conclusions 
The U3 land system is redefined as a complex land system, consisting of two simple 
land systems, Oruanui and Mamaku land systems. This is based on the recognition of a 
consistent recurring pattern of land components, but with contrasting soil patterns 
gradationally separated south to north. 
The characteristics of the Taupo Ignimbrite on the upper Mamaku terrain are in 
agreement with those for Taupo Ignimbrite veneer deposits described by Wilson (1982). A 
refinement of their model from this study recognises the sensitivity of emplacement to 
small variations in slope in the underlying topography over short range corresponding to 
land components and even land elements. 
The pattern and distribution of Taupo Ignimbrite across land components mirrors the 
pattern of emplacement of ignimbrite veneer and valley ponded ignimbrite deposits within 
topographic highs and lows at coarser (landscape) scale (Walker et al., 1981a; Wilson and 
Walker, 1982). Semi-variograms for Taupo Ignimbrite thickness of flat land components 
demonstrate a high proportion of spatially uncorrelated variability (nugget effect) and 
spatial dependence within a range of 46 m. Taupo Ignimbrite in U3 represents the distal 
Taupo Ignimbrite veneer deposits and towards the north end of U3 on the outer margins of 
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the Taupo Ignimbrite the deposits are similar to the distant facies of (Wilson and Walker, 
1982). 
In contrast, the distribution of -yellowish-brown beds can be considered relatively 
consistent across the upper Mamaku terrain. No increase in thickness toward a specific 
volcanic source was clearly identified. This is in accordance with a model of deposition 
for composite tephra beds consisting of multiple tephras from multiple volcanic sources, as 
opposed to a single tephra which tends to gradually decrease in thickness from source. 
The soils exhibit variability over long range (WOOs m) in response to a leaching 
gradient attributed to increasing in rainfall in a northerly direction and with elevation. This 
is manifested by a change in dominance of soil series. There is no clear evidence that the 
long range thinning of Taupo Ignimbrite identified (thinning south to north, away from 
source) contributes to the variability of the soil pattern. This is largely an artefact of the 
class limits used to define the soil series on the basis of thickness of Taupo Ignimbrite. 
Soil variability at different spatial resolutions is accurately portrayed by the land 
systems approach, with the long range variability represented by the simple land systems 
(Oruanui and Mamaku), within the U3 complex land system, and short range variability 
effectively partitioned by land elements and land components. The most appropriate grain 
for displaying soil variability in U3 is land component within simple land systems. 
The land systems approach is a "multi-scale" approach that is flexible to the intrinsic 
spatial structure of soil morphological variability and can provide soil resource infonnation 
at scales that represent the spatial variability of the soil, or levels of spatial resolution 
prescribed by the intensity of land management. 
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CHAPTER FIVE 
The spatial variability of Pinus radiata D. Don foliar nutrients in relation to 
the soil-landscape on the southern Mamaku Plateau, part of Kinleith Forest, 
New Zealand. 
5.1 Introduction 
A large proportion of plantation forest research in New Zealand has been focused on the 
nutrition of Pinus radiata D. Don (P. radiata). This has involved recognising natural 
deficiency, detennining critical levels of foliar nutrients and ameliorating deficiency by 
fertilisation to increase forest productivity. Amelioration generally focuses on sites with 
deficient and marginal levels although increasing growth rate on sites with apparent 
optimum nutrient levels has been investigated (Woollons and Will, 1975). A number of 
studies have described the relationship between foliar nutrients and forest growth variables 
(Raupach et al., 1978; Flinn et al., 1979; Hagglund, 1981; Lavery, 1986) and the positive 
effects of fertiliser treatments on foliar nutrient levels (Will and Knight, 1968; Ballard, 
1971; Miller, 1981). 
According to Lavery (1986), forest productivity is dependent on abiotic factors (forest 
management practices) and biotic factors (climate, topography and soil chemical, physical 
and microbial variables). Of the abiotic factors amelioration is only practical for soil 
variables, in particular those relating to nutrient deficiency. The parent material and soil in 
which the trees grow, and soil chemical, physical and microbial properties largely 
detennine the availability of micronutrients and nutrient status. 
Soils differ in their ability to supply the nutrients necessary to sustain forest productivity 
(Cole, 1995). The relative importance of nutrient status on site productivity also varies and 
may, in effect, account for only a small proportion of variation in tree growth (Khanna, 
1981). The quality of the data and the level at which the data are applied (detennined by 
the level at which the information is required) aids useful explanations of nutritional 
differences in the landscape (Turner and Lambert, 1986). 
In New Zealand an atlas of P. radiata nutrition has been compiled from analyses on 40 
000 plant samples, including 28 000 P. radiata samples (Hunter et al., 1991). Maps 
derived from these data show nutrient deficiency at a regional scale (1:1 000 000). The 
maps provide a useful indication of areas likely to have nutrient deficiency but are 
inadequate for forest scale or more detailed site specific management. Turner and Lambert 
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(1986) stated that at a forest level, soils or land unit classification have provided the most 
useful means for explaining nutritional and productivity differences. The stability and 
sustainability of the soil nutrient supply both temporally and spatially is of increasing 
concern given the current economic constraints and greater demand on the existing land 
base for higher productivity (Cole, 1995). 
5.1.1 Nutrient deficiency 
Nutrients are taken up in the form of ions from soil solution and incorporated into tree 
tissue (Lavery, 1986). Macronutrients, including nitrogen (N), phosphorus (P), magnesium 
(Mg), potassium (K), sulphur (S) and calcium (Ca), and micronutrients, including 
manganese (Mn), zinc (Zn), copper (Cu), iron (Fe), molybdenum (Mo), boron (B) and 
chlorine (CI) are essential for tree growth. Availability is dependent on uptake processes, 
root distribution, nutrient interactions, environmental factors and tree genetics (Larcher, 
1983; Olykan, 1993). When nutrient availability is below that required by the tree for 
optimum growth the system is nutrient deficient. 
Foliar nutrient deficiency symptoms have been described in detail (Turner et ai., 1979; 
Hill and Lambert, 1981; Mead, 1984; Will, 1985). The most common methods used for 
the diagnosis of nutrient deficiency are visual criteria, plant tissue analyses, soil analyses, 
and biological assessment (Mead, 1984). The visual diagnosis approach is rapid and 
inexpensive (Mead, 1984). However, in the field there may be multiple limiting nutrients. 
Liebig's "Law of the Minimum" predicts that plant performance will be determined by the 
nutrient of least availability and it is not until the most severely limiting nutrient deficiency 
has been corrected that other symptoms will become evident (Asher, 1991). In effect there 
can be a hierarchy of potentially limiting nutritional factors of which only the most severe 
will be visually observable. Visual diagnosis of nutrient deficiencies has not been used in 
this study. 
Plant tissue analyses allow the detection of mild, symptomless nutrient deficiencies 
(Asher, 1991; Turner et ai., 1979). The rationale behind tissue analysis is that nutrients 
within specific parts of the tree will reflect the nutrient status of the tree and therefore its 
growth potential (Mead, 1984). Foliage analysis has been shown to be sensitive to 
deficiencies and has been directly related to productivity (Mead, 1984; Lavery, 1986). 
Factors influencing the sensitivity of foliage analysis are summarised in Table 5.1. 
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Table 5.1. Factors influencing the sensitivity and interpretation of foliar analysis and suggested analysis 
criteria 
Factor Influence of factor Strategies to minimise Reference 
factor influence 
Foliage age and Vertical gradients of Sampled foliage froin Mead (1984); Lavery 
position in crown foliage nutrient constant crown position, (1986) 
concentrations. using trees aged 20 years. 
Season Marked seasonal changes Sampled over two weeks Leaf (1973); Knight 
in nutrient levels. in late summer. (1978a); Stone (1982); 
Will (1985); Turner and 
Lambert (1986) 
Between-tree and Minimum number of Minimum of 20 trees per Knight (1978b); Mead 
genetic variation samples required for plot sampled. (1984) 
precision. 
Site and treatment Increased variability and Proportional stratified Mead and Will (1976); 
differences initial foliage nutrient sampling (by land Turner and Lambert 
levels following fertiliser component and land (1986) 
application. element within land 
component). Stands with 
a similar management 
history and climate 
factors were selected. 
Analytical Spurious data, chemical Standard analysis Mead and Will (1976); 
precision and variation from laboratory procedures with routine Mead (1984) 
accuracy analysis error. checking. 
Mead (1984) concluded that the use of several methods at once would improve the 
diagnosis of nutrient status. Methods should be considered complementary and where 
possible used in combination to overcome the limitations associated with each (Mead, 
1984; Will, 1985). 
5.1.2 Nutrient deficiency in the central North Island 
Pot trial studies and fertiliser response studies involving soils in the central North Island 
(predominantly Pumice Soils and Allophanic Soils) indicate P and Mg deficiency. There 
are no reports of N deficiency but Will and Knight (1968) from a pot trial study, identified 
low N availability in soil layers below the A horizon. 
Soils and their parent materials throughout New Zealand are inherently low in available 
P and generally a growth response will result following addition of phosphate fertilisers. 
Slight deficiency in P results in minimal signs but a reduction in growth rate. With 
increased deficiency there is an obvious shortening of the side branchlet needles (Hunter et 
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al., 1991; Will, 1985), narrow crowns, restricted branch growth and a dull to greyish green 
foliage colour (Will, 1985). 
Mg deficiency is the most strongly observed nutrient deficiency in forests of the central 
North Island, where soils are predominantly formed in deposits of Taupo Tephra Formation 
and older rhyolitic tephras (Will, 1985; Froggatt and Lowe, 1990; Hunter et ai., 1991). 
Magnesium deficiency has been linked to a condition in P radiata called upper mid-
crown yellowing, or UMCY (Beets et al., 1993; Beets and Jokela, 1994). Deficiency 
symptoms are characterised by needle tips turning yellow and, with severe deficiency, 
dying and turning brown (Will 1985). Visual detection of UMCY is influenced by rainfall 
(Will, 1966) and clonal variation (Beets and Jokela, 1994). High exchangeable potassium 
(K) relative to exchangeable Mg (K/Mg ratio) in Pumice Soils has been implicated with the 
inhibition of Mg uptake and observed Mg deficiencies (Knight and Will, 1970; Beets et al., 
1993; Beets and Jokela, 1994). Attempts to correlate foliar Mg with soil Mg and K have 
proved inconclusive (Hunter et al., 1986; Mitchell et al., 1999) suggesting current 
measures of soil Mg were not adequate predictors of foliar Mg levels in P. radiata 
(Mitchell et al., 1999). 
The "critical level" of a nutrient is defined as the level below which a fertiliser response 
may be expected (Will, 1985), or for deficiency or toxicity, the concentration at 90% of the 
maximum yield (Asher, 1991). The critical levels for P. radiata in New Zealand defined 
by Will (1985), with modification of the lower limit for P from 0.12% to 0.11 % (T. Payn, 
Pers. comm. 1997), were used in this study (Table 5.2). 
Table 5.2. Critical nutrient levels for P. radiata foliage 
Foliar nutrient Deficient Marginal Satisfactory 
concentration 
N(%) <1.2 1.2-1.5 >1.5 
P (%) <0.11 0.11-0.14 >0.14 
Mg(%) <0.07 0.07-0.10 >0.10 
K(%) <0.3 0.3-0.5 >0.5 
B (mgkg·I) <8 8-12 >12 
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These critical nutrient levels provide an indication of encountering physical tree disorder 
(resulting from deficiency) and toxicity (resulting from excess nutrient concentrations), 
(Crane, 1984).· Levels of low, marginal and satisfactory are used. 
5.1.3 Foliar nutrient levels and probability of deficiency 
Hunter et al. (1991) produced maps of foliar nutrient levels and probability of 
encountering deficiency for New Zealand including coverage of the southern Mamaku 
Plateau. They detennined probability of deficiency from sample plots according to 
whether the proportion of the standard deviation of the mean nutrient level for a plot lay 
above the critical nutrient level (Table 5.3). 
Table 5.3. Probability of deficiency ratings for foliar nutrients (Hunter et al., 1991) 
Probability of deficiency Standard deviations from mean 
High <0.5 
Medium 0.5 to <1.3 
Low ~1.3 
Foliar nutrient level and probability of deficiency on the southern Mamaku Plateau can 
be approximated using the Hunter et al. (1991) maps (Table 5.4). 
Table 5.4. Foliar nutrient levels and probability of deficiency for the southern Mamaku Plateau according to 
Hunter et al. (1991) 
Nutrient Foliar nutrient level Probability of deficiency 
N satisfactory low 
P satisfactory low 
Mg marginal medium 
K satisfactory low 
B marginal medium 
Although these foliar nutrient levels and probability of deficiency are important for 
effective forest nutrient management, they are viewed as more as a management rating and 
of value when defining areas requiring specific nutrient management practices. The main 
focus of this chapter is to gain a better understanding of the structure of spatial variability 
for foliar nutrients relative to the landscape. With this understanding, the effective 
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partitioning of foliar nutrient concentration variability and the classification of foliar 
nutrient levels and probability of deficiency provide for effective amelioration. 
5.1.4 The structure of spatiai variability 
There is an absence of studies investigating the variability of foliar nutrients in relation 
to the landscape and in particular, studies that detennine the spatial structure of this 
variability. Payn et ai. (1999a) examined the potential of GIS and spatial analysis 
techniques as tools for monitoring forest productivity and nutrition. They compared 
geostatistical methods to stratification of the data by existing soil map unit boundaries 
(1: 100 000 map scale) to design an efficient sampling scheme for monitoring spatial and 
temporal P. radiata foliar nutrient levels. In their approach an assumption was made that 
the soil map effectively partitioned foliar nutrient variability and the spatial structure of 
variance was constant between foliar nutrients. Few studies have attempted to quantify the 
structure of spatial variability of foliar nutrient concentrations but much of the literature in 
soil science (e.g. Nortcliff, 1978) suggest the assumption of Payn et ai. (1999a) is not likely 
to be valid. Nortcliff (1978) stated the importance of partitioning soil variability at a scale 
representative of the spatial structure of the variability. Payn et ai. (1999b) investigated the 
effect of scaling up soil information on site specific forest management. They found that 
by using a finer map scale, areas with potential P deficiency could be delineated within a 
region where average P status was satisfactory. An understanding of the factors driving 
nutrient spatial variability and the scale of their influence was also found to be important. 
The concept that spatial variability for forest variables is structured at different scales is 
demonstrated in Figure 5.1, using the findings from Turvey et ai. (1986). Turvey et ai. 
(1986) suggests soil variables act to influence forests over a short range, whereas regional 
climate variation acts over a longer range. The implications of this are that forest 
variability attributable to soil variation can only be explained by fine-scale mapping. 
Coarse scale studies have little resolution of forest variability. In contrast, coarse scale 
investigation of climate driven soil variability is most informative, with no additional 
information provided by increasing intensity of study. The relative influence of the two 
factors given in this example will detennine the most effective scale of study. 
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Figure 5.1. An idealised representation of the distribution of forest productivity variability across scales as 
described by Turvey et al. (1986). 
Similarly, in this study it is anticipated that factors such as parent material and climate 
cause spatial variability in forest nutrition and forest productivity over a range of scales. 
For instance at the fine scale biological regime, aspect and site disturbance are likely to 
influence variability over metres, and short range ignimbrite variability, catenary gradients 
and soil management over 10' s of metres. At the coarse scale the regional rainfall regime 
and the proximal/distal ignimbrite thickness gradient are likely to influence the structure of 
spatial variability. Whether the structure of the spatial variability is apparent depends on 
the intensity of study. 
In this chapter I stratify the spatial variability of selected foliar nutrients at different 
levels of spatial resolution (grain) within the land system hierarchy, on the southern 
Mamaku Plateau. The analysis is applied at a coarse scale (across land systems), and at a 
finer scale (within a selected land system). The structure of spatial variability of foliar 
nutrients is examined and factors controlling the variability are discussed. An assessment 
of foliar nutrient levels is also made. 
5.1.5 Aim 
This study aimed to: 1) investigate the structure of the spatial variability of selected 
foliar nutrients in relation to the landscape and soil pattern across a range of scales on the 
southern Mamaku Plateau; and 2) to assess foliar nutrient levels with respect to critical 
levels for nutrient deficiency. 
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5.1.6 Objectives 
• Detennine the extent to which spatial variability of selected foliar nutrients is 
partitioned by the soil-based stratifications across a hierarchy of spatial resolutions. 
• Detennine whether the relationships between stratifications and foliar nutrients are 
consistent for all foliar nutrients. 
5.2 Methods 
5.2.1 Foliar nutrients 
Two independent data sets of foliar nutrient concentrations were used. Foliar N, P, Mg 
and B data were available for the coarse scale analysis and foliar N, P, Mg, K and B data 
were available for the fine scale analysis. 
The coarse scale data cover the area of the southern Mamaku Plateau described in 
Chapter 3 (see Figure 3.1). A detailed description of the landscape and soil pattern for the 
study area was provided in Chapter 3. Foliage nutrient data were collected by New 
Zealand Forest Products and Carter Holt Harvey Forests Limited from random and ad hoc 
foliage sampling over a number of years. A total of 52 plots contained data for foliar Mg, 
while only 44 plots contained foliar N, P and B data. Plot locations were recorded on a 
GIS using ARCIINFO® software (Figure 5.2). Although data from these plots had been 
collected using the general standard sampling procedure outlined in Will (1985), the 
variability between plots could potentially be large. Sources of error included annual 
sampling inconsistencies and the targeting of areas showing deficiency or elevated nutrient 
status from fertiliser additions. Also, not all strata contained plots and so the data were 
used on a "best available data" basis. 
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Figure 5.2. Location of coarse scale foliar nutrient sample plots. 
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The fine scale data set comes from plots situated in study windows 2 and 3 of the U3 
complex land system, described in Chapter 4 (see Figure 4.1). The two study windows 
were used as reference sites for each of the simple land systems (Oruanui and Mamaku) 
defined and described in Chapter 3. The study windows were selected using the following 
criteria: 
1. Stands established in 1977-78 (tree age of twenty years); 
2. Similar tree stocking rates; 
3. Similar management history (thinning and pruning). 
A GIS was used to overlay covers of plot location, tree stand age and soil map unit 
boundaries. Only one stand within each of the simple land systems met the criteria above. 
Plot data were collected according to a stratified sampling design. Four rectangular 
bounded plots (Hammond, 1995) were located on each of the four land components within 
each study window to give a total of 32 plots. Each plot included a minimum of 20 trees. 
Foliar nutrient sampling was carried out in February 1998 by shooting branches from the 
top of the crown. Foliage samples were selected from the current season's fully extended 
needles in second order branches in the top third of the crown from twelve randomly 
selected trees within each plot. The procedure ensured variation caused by seasonal 
differences, needle age and position in the crown were minimised (Hunter et al., 1991). 
Plot samples were bulked by land component in each of the study windows. Analyses for 
foliar N, P, Mg, K, and B were carried out on the ICP-OES (inductively coupled plasma -
optical emission spectrometer) at the Forest Nutrition Laboratory, Forest Research, 
Rotorua. 
5.2.2 Stratification criteria 
For the coarse scale analysis, the foliar nutrient data set was stratified by aggregated soil 
map units based on Rijkse (1994), and the land systems defined in Chapter 3. Stratification 
criteria are given in Table 5.5. The soil map units of Rijkse (1994) consisted of complexes 
and consociations. These were aggregated (McBratney, 1998) according to the dominant 
soil series within each soil map unit to form aggregated soil map units. For example, the 
soil complexes Tp+Na and Tp+ Yp are aggregated to form the Tp aggregated soil map unit 
(Tp complex). These units were used instead of the original soil map units to provide 
strata with sufficient sample numbers for statistical analysis. 
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Stratification of forest variables using soil-based stratification at a single level of spatial 
resolution has been used by Turvey et ai. (1986) and Payn et ai. (1999a). In the latter study 
it was concluded that stratification by the dominant soil in the soil map unit was a suitable 
technique for providing a spatial partitioning of forest variables. 
Table 5.5. Stratification of coarse scale foliar nutrient concentration data 
Stratification 
Aggregated soil map unit 
(ASMU) 
Land system 
(LS) 
Rationale for stratification and effect tested 
Mean values for each aggregated soil map unit; 
the effect between aggregated soil map units. 
Mean values for each land system; 
the effect between land systems. 
For the fine scale analysis, foliar nutrient data were stratified by a hierarchy of 
increasing levels of spatial resolution, similar to that used in Chapter 4 except that a simple 
land system stratification replaces the study window stratification used in Chapter 4 .. 
Simple land systems and land components, defined in Chapter 3, were used to stratify the 
data at different levels of spatial resolution. The U3 complex land system was stratified by 
Oruanui and Mamaku simple land systems to provide the LSs stratification, and stratified 
by hillock, ridge, flat and ravine land components, to provide the LC stratification at a finer 
grain. Land components were grouped accordingly by the Oruanui and Mamaku land 
systems .to provide the finest grain stratification (LSs*LC). This was used to identify any 
variability attributable to differences in land components within each simple land system 
(Table 5.6). 
Table 5.6. Stratification offoliar nutrient concentration data within U3 
Stratification 
Simple land system 
(LSs) 
Land component 
(LC) 
Land component by simple land system 
(LSs*LC) 
Rationale for stratification and effect tested 
Mean values for each simple land system; 
the effect between land systems. 
Mean values for each land component; 
the effect between different land components. 
Mean values for land components within simple 
land systems; 
the effect between the same land components of 
different simple land systems. 
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5.2.3 Data analysis 
1. General data characteristics were described for the coarse and fine scale data using 
the MEANS procedure in SAS software (SAS Institute, 1985). Sample size, mean, 
standard deviation, minimum, maximum, and range were included. 
2. Data were subjected to analysis of variance (ANOV A). The GLM and LSMEANS 
procedures in SAS software (SAS Institute, 1985) were used for all analyses. The 
least squared means test was used to examine the following effects: 
a) Significant differences for foliar nutrient concentrations at the coarse scale 
following stratification by aggregated soil map unit stratification or 
stratification by land system. 
b) Significant differences for foliar nutrient concentrations within U3 following 
stratification by simple land system (Oruanui and Mamaku), land components 
(hillock, ridge, flat and ravine), and simple land system and land component 
combinations. 
3. Estimates of the variance not explained by each stratification at the coarse scale and 
for the simple land system and land component combinations within U3 (fine scale) 
were calculated by dividing the error sum of squares by the total sum of squares for 
each stratification (C. Frampton, Pers. comm. 1999). 
5.3 Results 
5.3.1 Foliar nutrient concentrations in P. radiata at the coarse scale 
Histogram plots of residuals for all foliar nutrient data were normally distributed and did 
not show the ANOV A to be inappropriate (c. Frampton, Pers. comm. 1999). The 
statistical summaries in Table 5.7 indicate foliar nutrient concentrations are variable for the 
coarse scale and suggested further examination is warranted. 
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Table 5.7. Statistical summaries for coarse scale foliar nutrient concentration data 
N(%) P(%) Mg(%) B (mgkg- I ) 
Sample size (n) 44 44 52 44 
Mean 1.4 0.12 0.09 13 
Standard deviation 0.14 0.017 0.016 2.7 
Minimum 1.1 0.09 0.06 8 
Maximum 1.6 0.16 0.13 21 
Range 0.5 0.07 0.07 13 
5.3.1.1 Foliar N 
Foliar N concentrations were not significantly different between strata for either 
stratification (Table 5.8). 
Table 5.8. Foliar N concentrations (%) for the ASMU stratification and the LS stratification 
Mk 
1.4, (13)3 
U2 
1.4, (7) 
A 
1.5, (1) 
U3 
1.4, (6) 
Stratification 
Aggregated soil map unit (ASMU/ 
Oi 
1.5, (1) 
M1 
1.4, (3) 
Tp 
1.4, (4) 
Na 
1.3, (3) 
Land system (LS) 
M2 
1.4, (9) 
Mo 
1.3, (4) 
M3 
1.3, (1) 
I Pr>F indicates significance using a F-test; ns=not significant 
Wu 
1.4, (16) 
M4 
1.3, (4) 
Ha 
1.3, (2) 
L2 
1.3, (14) 
ns 
ns 
2 Mk=Mamaku, A=Arahiwi, Oi=Oruanui, Tp=Taupo, Na=Ngakuru, Mo=Motumoa, Wu=Waiohotu, 
Ha=Haupeehi 
3 mean, (n) 
5.3.1.2 Foliar P 
Significant differences in foliar P concentrations between strata were observed for both 
stratifications (Table 5.9). For the ASMU stratification the Waiohotu (Wu) complex had 
significantly higher foliar P concentrations than Motumoa (Mo) complex. For the LS 
stratification the M2 land system had the highest foliar P concentrations. The Ml land 
system had significantly lower foliar P concentrations than all other land systems. 
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Table S.9. Foliar P concentrations (%) for the ASMU stratification and the LS stratification 
Mk 
0.12, 
(13), ab3 
U2 
0.11, (7), 
bc 
Stratification 
Aggregated soil map units (ASMU)2 
A Oi Tp 
0.11, (1), 0.11, (1), 0.12, (4), 
Na 
0.12, 
(3),ab ab ab ab 
U3 
0.12, (6), 
bc 
M1 
0.10, (3), 
c 
Land system (LS) 
M2 
0.14, (9), 
a 
Mo 
0.11, (4), 
b 
M3 
0.13, (1), 
ab 
Wu 
0.14, 
(16), a 
M4 
0.13, (4), 
ab 
1 Pr>F indicates significance using a F-test; **=p<O.Ol and ***=p<O.OOl 
Ha 
0.13, (2), 
ab 
L2 
0.12, (14), 
bc 
** 
*** 
2 Mk=Mamaku, A=Arahiwi, Oi=Oruanui, Tp=Taupo, Na=Ngakuru, Mo=Motumoa, Wu=Waiohotu, 
Ha=Haupeehi 
3 mean, (n), means with the same letter are not significantly different (p<O.OS) 
5.3.1.3 Foliar Mg 
Significant differences in foliar Mg concentration (p<O.OOl) were observed between 
strata for both stratifications (Table 5.10). For the ASMU stratification the Arahiwi (A) 
and Mamaku (Mk) complexes were significantly lower than all other complexes except 
Motumoa (Mo) and Waiohotu (Wu). Stratification by LS identified the highest foliar Mg 
concentrations for the L2 land system and significantly lower mean foliar Mg concentration 
forU2. 
Table S.10. Foliar Mg concentrations (%) for the ASMU stratification and the LS stratification 
Mk 
0.08, 
(17), b3 
U2 
0.08, (IS), 
c 
Stratification 
Aggregated soil map units (ASMU)2 
A Oi Tp Na Mo 
0.08, (S), 0.10, (1), 0.10, (4), 0.10, (3), 0.10, (4), 
b a a a ab 
U3 
0.08, (6), 
bc 
M1 
0.10, (3), 
ab 
Land system (LS) 
M2 
0.09, (9), 
abc 
M3 
0.09, (1), 
abc 
1 Pr>F indicates significance using a F-test; ***=p<O.OOl 
Wu Ha 
0.10, 0.11, (2), 
(16), ab a 
M4 
0.10, (4), 
ab 
L2 
0.11, (14), 
a 
*** 
*** 
2 Mk=Mamaku, A=Arahiwi, Oi=Oruanui, Tp=Taupo, Na=Ngakuru, Mo=Motumoa, Wu=Waiohotu, 
Ha=Haupeehi 
3 mean, (n), means with the same letter are not significantly different (p<O.OS) 
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5.3.1.4 Foliar B 
Foliar B concentrations were not significantly different between strata for either 
stratification (Table 5.11). 
Table 5.11. Foliar B concentrations (mg kg-I) for the ASMU stratification and the LS stratification 
Mk 
11, (13)3 
U2 
11, (7) 
A 
13, (1) 
U3 
12, (6) 
Stratification 
Aggregated soil map units (ASMU)2 
Oi 
15, (1) 
Ml 
13, (3) 
Tp 
11, (4) 
Na 
15, (3) 
Land system (LS) 
M2 
13, (9) 
Mo 
13, (4) 
M3 
17,(1) 
j Pr>F indicates significance using a F-test; ns=not significant 
Wu 
13, (16) 
M4 
15, (4) 
Ha 
15, (2) 
L2 
12, (14) 
ns 
ns 
2 Mk=Mamaku; A=Arahiwi, Oi=Oruanui, Tp=Taupo, Na=Ngakuru, Mo=Motumoa, Wu=Waiohotu, 
Ha=Haupeehi 
3 mean, (n) 
5.3.2 Foliar nutrient concentrations in P. radiata at the fine scale 
Histogram plots of residuals for all foliar nutrient data did not show the ANOV A to be 
inappropriate (c. Frampton, Pers. comm. 1999). The statistical summaries in Table 5.12 
indicate foliar nutrient concentrations are variable within U3 and suggested further 
examination is warranted. 
Table 5.12. Statistical summaries for U3 foliar nutrient concentration data 
N(%) P(%) Mg(%) K(%) B (mgkg-I) 
Sample size (n) 32 32 32 32 32 
Mean 1.5 0.09 0.07 0.84 13 
Standard deviation 0.08 0.008 0.008 0.05 1.9 
Minimum 1.4 0.07 0.06 0.77 9 
Maximum 1.6 0.11 0.09 0.99 19 
Range 0.2 0.04 0.03 0.22 10 
5.3.2.1 Foliar N 
Foliar N concentrations were not significantly different between strata for any 
stratification (Table 5.13). 
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Table 5.13. Foliar N concentrations (%) for stratifications within U3 
Stratification 
LSs 
(n=16) 
Simple land systems in U3 
Oruanui land system 
1.52 
Land components in U3 
Mamaku land system 
1.5 
LC 
(n=8) 
Hillock 
1.5 
Ridge 
1.5 
Flat 
1.4 
Ravine 
1.7 
LSs*LC 
(n=4) 
Hillock 
1.5 
Oruanui land system 
Ridge 
·1.5 
Flat 
1.5 
Ravine 
1.5 
Hillock 
1.5 
1 Pr>F indicates significance using a F-test; ns=not significant 
2 mean . 
5.3.2.2 Foliar P 
Mamaku land system 
Ridge 
1.6 
Flat 
1.4 
Ravine 
1.4 
ns 
ns 
ns 
Foliar P concentrations were not significantly different between strata for any 
stratification (Table 5.14). 
Table 5.14. Foliar P concentrations (%) for stratifications within U3 
Stratification 
LSs 
(n=16) 
Simple land systems in U3 
Oruanui land system 
0.092 
Land components in U3 
Mamaku land system 
0.09 
LC 
(n=8) 
Hillock 
0.09 
Ridge 
0.08 
Flat 
0.09 
Ravine 
0.09 
LSs*LC 
(n=4) 
Hillock 
0.09 
Oruanui land system 
Ridge 
0.09 
Flat 
0.09 
Ravine 
0.09 
Hillock 
0.09 
1 Pr>F indicates significance using a F-test; ns=not significant 
2 mean 
5.3.2.3 Foliar Mg 
Mamaku land system 
Ridge 
0.08 
Flat 
0.09 
Ravine 
0.09 
ns 
ns 
ns 
Foliar Mg concentrations were not significantly different between strata for any 
stratification (Table 5.15). 
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Table 5.15. Foliar Mg concentrations (%) for stratifications within U3 
Stratification 
LSs 
(n=16) 
Simple land systems in U3 
Oruanui land system 
0.072 
Land components in U3 
Mamaku land system 
0.07 
LC 
(n=8) 
Hillock 
0.08 
Ridge 
0.08 
Flat 
0.07 
Ravine 
0.07 
LSs*LC 
(n=4) 
Hillock 
0.08 
Oruanui land system 
Ridge 
0.08 
Flat 
0.07 
Ravine 
0.08 
Hillock 
0.07 
1 Pr>F indicates significance using a F-test; ns=not significant 
2 mean 
5.3.2.4 Foliar K 
Mamaku land system 
Ridge 
0.08 
Flat 
0.07 
Ravine 
0.07 
ns 
ns 
ns 
No significant differences in foliar K were identified by the LSs stratification (Table 
5.16). Stratification by LC indicated significantly higher foliar K concentrations on the 
flats. The LSs*LC stratification showed that foliar K was significantly higher on the flat in 
the Mamaku land system. 
Table 5.16. Foliar K concentrations (%) for stratifications within U3 
Stratification 
LSs 
(n=16) 
Simple land systems in U3 
Oruanui land system 
0.852 
Land components in U3 
Mamaku land system 
0.84 
LC 
(n=8) 
Hillock 
0.81, b 
Ridge 
0.84, ab 
Flat 
0.88, a 
Ravine 
0.83, b 
Oruanui land system Mamaku land system 
LSs*LC 
(n=4) 
Hillock 
0.84, b 
Ridge 
0.85, b 
Flat 
0.84, b 
Ravine 
0.85, b 
Hillock 
0.79, b 
Ridge 
0.83, b 
1 Pr>F indicates significance using a F-test; ns=not significant, *=p<0.05 
2 mean, means with the same letter are not significantly different (p<0.05). 
5.3.2.5 Foliar B 
Flat 
0.92, a 
Ravine 
0.81, b 
ns 
* 
* 
The LSs stratification showed that foliar B concentrations were significantly higher in 
the Mamaku land system than the Oruanui land system (Table 5.17). The LC and LSs*LC 
stratifications identified no significant differences in foliar B concentrations. 
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Table 5.17. Foliar B concentrations (mg kg-I) for stratifications within U3 
Stratification 
LSs 
(n=16) 
Simple land systems in U3 
Oruanui land system 
12, b2 
Land components in U3 
Mamaku land system 
14, a 
LC 
(n=8) 
Hillock 
13 
Ridge 
13 
Flat 
14 
Ravine 
13 
Oruanui land system Mamakuland system 
LSs*LC 
(n=4) 
Hiliock 
12 
Ridge 
12 
Flat 
12 
Ravine 
12 
Hillock 
13 
Ridge 
14 
I Pr>F indicates significance using a F-test; ns=not significant, ***=p<O.001 
2 mean, means with the same letter are not significantly different (p<O.05) 
5.4 Interpretation and discussion 
5.4.1 The spatial structure of variability for foliar nutrients 
Flat 
16 
Ravine 
14 
*** 
ns 
ns 
The spatial structure of variability for foliar nutrients was detennined by the recognition 
of significant differences between strata. The variance of a foliar nutrient is considered to 
be spatially structured when significant differences are observed within a stratification. 
5.4.1.1 Coarse scale: aggregated soil map units and land systems 
At the coarse scale, the spatial stratification of foliar nutrient variability by aggregated 
soil map unit and land system was effective for foliar P and Mg but not for foliar Nand B. 
The land system stratification proved to be as effective as the soil series stratification and 
for foliar P the differences between strata within the land system stratification were more 
significant (p<O.OOl) than for the aggregated soil map unit stratification (p<O.05). 
Even though significant differences were recognised for both stratifications there 
remained a large amount of unexplained variance (Table 5.18). 
Table 5.18. The percentage of foliar nutrient concentration variance not explained by the aggregated soil map 
unit and land system stratifications used in the coarse scale analysis 
Stratification Unexplained variance (%) 
N P Mg B 
Aggregated soil map unit 93% 56% 51% 76% 
Land system 76% 43% 77% 45% 
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This result is plausible at the coarse scale, as variability is likely to be better explained at 
a finer scale. The variance that is not explained by either stratification may represent 
erroneous data, or the effect of factors other than those related to the soil or landscape. 
At the coarse scale, data quality is likely to be the main source of the unexplained 
variance for a given foliar nutrient and the difficulty in providing a meaningful 
interpretation of the significant differences observed between strata is exacerbated. 
Interpretation is restricted by the quality of the data in a number of ways: 
1. The sample sizes for strata may not provide an adequate representation of foliar 
nutrient concentrations for those strata. For instance only a single value is available 
for the Arahiwi (A) and Oruanui (Oi) complexes in the aggregated soil map 
stratification, and the M3 stratum in the land system stratification. 
2. There was no opportunity to check that the actual soil underlying each sampling point 
(foliage sample plot) in the field corresponded to that suggested by the aggregated 
soil map unit. 
3. Foliar nutrient concentrations can vary from year to year and with age or the stand 
(Payn et al., 1999a). There may be variation in the data associated with sampling 
inconsistencies from plot to plot and year to year. 
Payn et al. (l999a) concluded that the use of this existing data set was not adequate for 
the monitoring of site quality because of the sparseness and uneven distribution of the data. 
Interpretation of stratification at this coarse scale would benefit greatly from the 
implementation of a proportionally stratified sampling design for assessing foliar nutrition 
for the area in this study and the remainder of Kinleith Forest. 
Interpretation of the factors affecting the variability of foliar nutrients requires some 
caution due to limitations associated with the data set described above. The absence of 
spatial structure in foliar N variability suggests variability could be structured at a finer 
scale, possibly. related to short range variations in soil N availability related to abiotic 
factors (e.g. forest management practices) and biotic factors (e.g. soil microbial activity). 
The structured spatial variability observed for foliar P is interpreted as being related to the 
effects of reduced soil P and Mg availability associated with clay weathering (either to 
allophane or halloysite) and the rainfall (leaching) regime. 
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The highest foliar P was observed for the Waiohotu aggregated soil map unit and the 
M3 land system. The Waiohotu series dominates these strata. This series is formed 
entirely in the yellowish-brown· beds at lower elevations where rainfall is less than 1800 
mm yr-l (Rijkse, 1994). The weathering of the rhyolitic glass within these soils favours 
halloysite clay formation in preference to allophane, which is favoured under high rainfall 
and leaching conditions (parfitt et al., 1983; Lowe, 1986). As a result P retention by 
allophane is reduced and bio-available soil P increases. Low foliar Mg was noted by 
Rijkse (1994) in P. radiata growing on soils formed in valley ponded Taupo Ignimbrite. 
These soils are not represented in the aggregated soil map unit analysis, and no clear 
interpretation can be made of the land system stratification. However the analyses do 
suggest that low foliar Mg may be associated with high leaching. The lowest foliar Mg 
occurs in the Mamaku and Arahiwi strata of the aggregated soil map unit stratification, for 
which the soils exhibit strong podzol soil features. These soils also dominate U2 and U3 
land systems, where foliar Mg was also the lowest. 
5.4.1.2 Fine scale analysis: within U3 
For the U3 complex land system, not all the foliar nutrients showed significant 
differences and those that did, spatial variability was structured at different levels of spatial 
resolution. The stratification for which variance was spatially structured is deemed to be 
the most efficacious stratification (Table 5.19). 
Table 5.19. Efficacious stratification for foliar nutrients within U3 
Foliar nutrient Level of resolution at which variability Efficacious stratification 
is spatially structured 
N Within land components or greater than None 
complex land system 
P Within land components or greater than None 
complex land system 
Mg Within land components or greater than None 
complex land system 
K Land components between simple land LSs*LC 
systems 
B Simple land systems LSs 
For foliar N, P and Mg there were no significant differences observed, therefore 
variance was not spatially structured at any scale represented by the stratifications used. 
Furthermore, the coarse scale study suggests only for foliar P and Mg might we expect to 
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find variability structured at the LS level of stratification. For foliar K and B significant 
differences were observed, and variance was spatially structured for land components 
between simple land systems, and simple land systems for foliar B. 
As with the coarse scale analysis there remained a large percentage of unexplained 
variance (Table 5.20). The percentage of unexplained variance in foliar nutrients was 
lowest for foliar B (43%) and highest for foliar Mg (80%). This suggests that factors other 
than those related to the soil-landscape are influencing foliar nutrient concentrations within 
U3 (e.g. genotype, management practices, and forest health), or that the variability is 
occurring over a shorter range, i.e. within land components. The latter could not be tested 
in this study because ofthe limitations brought about by the sample and plot size. 
Table 5.20. The percentage of variance not explained within the simple land system and land component 
stratification combinations 
Stratification 
Within simple land 
system and land 
component combinations 
N 
64% 
p 
64% 
Unexplained variance (%) 
Mg K B 
80% 54% 43% 
The absence of significant differences in foliar N, P and Mg, and the high percentage of 
unexplained variance for these foliar nutrients suggested that, spatially, variance may be 
structured over a shorter range than examined (i.e. within the land component). For foliar 
N this was supported by the absence of any structured spatial variability within U3 and 
between land systems (see tables 5.8 and 5.13). 
Effective stratification of foliar P and Mg between land systems as determined by coarse 
scale study, but not within U3, suggests that the variability in foliar P and Mg may be 
driven by a long range rainfall (leaching) regime. In Chapters 3 and 4 it was established, 
using the expression of podzol features as a surrogate for rainfall, that on the southern 
Mamaku Plateau rainfall increased generally with elevation and in a north east direction. 
The absence of significant differences in foliar P and Mg in U3 therefore suggests that the 
change along the rainfall gradient is not sufficient to significantly alter leaching in the soil 
and effect foliar P and Mg concentrations in P. radiata. 
Foliar K variance was spatially structured by land components within simple land 
systems and was primarily a reflection of higher foliar K concentrations on the flat land 
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component in the Mamaku land system. In chapter 4 the soils on the flat were shown to 
have a mean thickness of 85 cm, decreasing from 89 cm in the Oruanui land system to 59 
cm in the Mamaku land system. Taupo Ignimbrite is high in K bearing minerals, and its 
uptake from the soil increases with soil moisture (Barber, 1995). Greater rainfall and 
therefore soil moisture in the Mamaku land system support the inference of greater uptake 
of available K from the soil resulting in higher foliar K concentrations. This suggests that a 
threshold dependent on the thickness of Taupo Ignimbrite and the degree of leaching may 
be important. However, it is my opinion that a clear interpretation can not be substantiated 
from the results presented in this analysis. 
Significant differences in foliar B concentrations were observed between simple land 
systems, with concentrations increasing from the Oruanui land system to the Mamaku land 
system. No significant increase in explained variance for foliar B was provided by finer 
stratifications dispelling the possibility that topographic variations in Taupo Ignimbrite 
thickness was a controlling effect. The rainfall regime was interpreted as the main effect 
influencing foliar B variability. In this case foliar B concentrations increased with rainfall. 
This occurrence can be explained in terms of the uptake of available B from the soil. The 
uptake of available B from the soil is by mass flow and is passively absorbed by the tree 
(Barber, 1995). For this reason foliar B concentrations are closely associated with soil 
moisture, and deficiencies in foliar B can occur on soils derived from volcanic sediments in 
the central North Island during the summer months and drought years (Will, 1985; Hunter 
et ai., 1991). 
5.5 Management implications 
5.5.1 Appropriate stratification for forest nutrient management 
The structure of spatial variability of a particular foliar nutrient determines the level of 
spatial resolution (grain size) necessary to effectively display, and react to (ameliorate), its 
variability. Practical management and economic issues then determine whether it is 
managed at that intensity. 
Figure 5.3 sets out a decision process for foliar nutrient management taking into account 
the structure of spatial variability. The process starts by considering whether management 
is practicable at the finest grain that partitions spatial variability. If it is, this is the grain at 
which nutrient management is carried out. If it is not, the next higher level of the land 
system hierarchy is chosen (next coarser grain) and the same test is made. If this level does 
not partition variability it is not useful and the next higher level is selected. If a level 
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partitions variability the question of practicability of management is again asked. The 
process is repeated until a grainsize that does partition variability and matches the preferred 
intensity of management, or until the highest level of stratification (coarsest grain) is 
reached. In the latter situation the forest is treated as unifonn for that foliar nutrient and a 
decision is made as to ameliorate (fertilise, in practice). 
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NO 
YES 
Select foliar nutrient 
Select the finest grain of the land system 
stratification that provides an explanation of 
spatial variability 
Is it practical and 
economically feasible 
to adjust management 
to this grain? 
NO 
Accept less than optimal management of 
foliar nutrient 
Select the next coarsest grain stratification 
NO 
YES 
YES 
Select the coarsest 
grain stratification 
Appropriate 
stratification 
Figure 5.3. Process for selecting an appropriate stratification for forest nutrient management based on foliar 
nutrient concentrations and management limitations. 
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The concepts presented in Figure 5.3 have been applied to the foliar nutrients examined 
in U3 (Table 5.21). It is assumed that that fertiliser can be applied either by aerial 
application or, if required, manually on the ground to individual land components. 
Table 5.21. Appropriate stratification for the management of foliar nutrients within U3 
Foliar nutrient 
N 
p 
Mg 
K 
B 
Appropriate stratification for 
management of foliar nutrients 
Complex land system 
Complex land system 
Complex land system 
Land component 
Simple land system 
Rationale 
Spatial variability is structured finer 
than land component only. Limited by 
management. 
Spatial variability is structured finer 
than land component only. Limited by 
management. 
Spatial variability is structured finer 
than land component only. Limited by 
management. 
Spatial variability is structured by land 
component. 
Spatial variability is structured finer 
than land component. 
Foliar N, P and Mg concentration variance was not spatially structured using any 
stratification. The interpretation is that variability is occurring within land components, 
possibly between land elements. Nutrient management practices cannot be applied at this 
level of spatial resolution therefore stratification by complex land system is appropriate. 
The coarse scale study suggests that stratification at this level may be appropriate for foliar 
P and Mg, but not for foliar N because its spatial variability structure is not represented by 
land system grain. For foliar K and B concentrations, variability was structured at a 
resolution at land component grain or coarser. Nutrient management practices can be 
applied at this level of spatial resolution, therefore stratification by land component (for 
foliar K), and simple land system (for foliar B) is appropriate. 
Foliar nutrient levels and probability of deficiency ratings (Will, 1985; Hunter et ai., 
1991) provide a better understanding of forest nutrient status and the likelihood of 
encountering nutrient deficiency. Foliar nutrient concentrations, though they may be 
different between forest on different strata, may be within the same probability of 
deficiency class (Will, 1985; Hunter et at., 1991). Therefore, the regrouping of strata 
within a stratification may be required. 
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The appropriate stratification that was detennined from the spatial structure of foliar 
nutrient concentration variance and management practice limitations (see Table 5.21) is 
redetennined, taking into account foliar nutrient levels and probability of deficiency. In 
this instance, the appropriate stratification for forest nutrient management is the next --
coarser-grain stratification at which spatial variability is structured. The redefined 
appropriate stratifications for foliar nutrients in U3 are presented in Table 5.22. 
Table 5.22. Stratification of foliar nutrient levels and probability of deficiency within U3 for forest nutrient 
management 
Foliar 
nutrient 
N 
P 
Mg 
K 
B 
I (mg kg· l ) 
Appropriate 
stratification 
Complex land 
system 
Complex land 
system 
Complex land 
system 
Land 
component 
Simple land 
system 
Strata within Foliar nutrient 
stratification concentration, 
mean and sd 
(%) 
U3 1.5 0.08 
U3 0.09 0.008 
U3 0.07 0.008 
Hillock 0.81 0.047 
Ridge 0.84 0.049 
Flat 0.88 0.067 
Ravine 0.83 0.026 
Mk 141 1.7 
Oi 121 1.4 
Mk=Mamaku simple land system, Oi=Oruanui simple land system 
Foliar nutrient Prob.of Appropriate 
level deficiency stratification for 
(Will, 1985) forest nutrient 
management 
marginal low Complex land 
system 
deficient high Complex land 
system 
marginal high Complex land 
system 
satisfactory low 
satisfactory low Complex land 
satisfactory low system 
satisfactory low 
satisfactory low Simple land 
marginal medium system 
With the exception of foliar K the appropriate stratifications have remained unchanged. 
Land component was the appropriate stratification for foliar K suggested in Table 5.22. 
The foliar nutrient levels and probability of deficiency are the same for each land 
component within the stratification. The next coarser-grain stratification is the simple land 
system. Because foliar K variability was not structured at the simple land system grain the 
complex land system stratification becomes the appropriate stratification for forest nutrient 
management. In contrast, the foliar B levels and probability of deficiency are not the same 
for each simple land systems within the appropriate stratification for foliar B. Accordingly, 
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the simple land system stratification is retained as the appropriate stratification for forest 
nutrient management purposes. 
5.5.2 Comparison of the foliar nutrient levels and probability of deficiency within U3 
Table 5.23 shows a comparison of foliar nutrient levels and probability of deficiency for 
U3 from three sources: disaggregation of foliar nutrient maps of Hunter et al. (1991), 
coarse scale data set (this study), and fine scale data set (this study). For the fine scale data 
set nutrient level and deficiency is expressed in tenns of the most appropriate stratification 
(see Table 5.22). This is the complex land system except for foliar B, for which the most 
appropriate stratification is simple land system (i.e. Mamaku and Oruanui land systems). 
Table 5.23. Comparison of foliar nutrient levels and probability of deficiency for U3, from spatial data sets 
of different grainsize 
Disaggregated stratification Coarse scale data set Fine scale data set 
(Hunter et al., 1991) 
Foliar Foliar Prob. of Foliar Prob. of Foliar Prob. of 
nutrient nutrient deficiency nutrient deficiency nutrient deficiency 
levels levels levels 
N satisfactory low marginal medium marginal low 
P satisfactory low marginal medium deficient high 
Mg marginal medium marginal medium marginal high 
K satisfactory low no data no data satisfactory low 
B (Mk) marginal medium marginal medium satisfactory low 
B (Oi) marginal medium marginal medium marginal medium 
Mk=Mamaku simple land system, Oi=Oruanui simple land system 
The differences in foliar nutrient levels and probability of deficiency observed between 
the dis aggregated stratification (Hunter et al., 1991) and the fine scale data set were 
evidence of the errors generated by disaggregation. The fine-grain foliar nutrient levels and 
probability of deficiency produced using the disaggregated stratification (Hunter et al., 
1991) are, with the exception of foliar K, meaningless for U3. 
The differences in foliar nutrient levels and probability of deficiency observed between 
coarse scale data set and the fine scale data set reflect the errors associated with the lower 
quality of data used for the coarse scale data set (e.g. insufficient sample size or missing 
data, and data measurement variability). These factors have been discussed previously in 
this chapter. 
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The quality of the coarse scale data set highlights the need for a stratification method 
(such as the hierarchical land system criteria based stratifications used in this study) to 
improve the precision of foliar nutrient data collection. Data collected ad hoc could be 
supplemented with data collected using a stratified sampling design. Data accuracy (e.g. 
annual and seasonal foliar nutrient concentration variability) remains a problem. 
Documentation of sampling procedures and possibly the inclusion of covariates in the 
analysis (e.g. annual rainfall as a covariate in the analysis of foliar B concentrations) would 
improve data accuracy. An overall improvement in the data quality is likely to provide 
foliar nutrient information that is more spatially representative of the forest, and more 
meaningful for forest nutrient management. 
The benefits of using the most appropriate stratification for determining foliar nutrient 
levels and probability of deficiency are self-evident. The spatial partitioning of foliar 
nutrient variability by the most appropriate stratification (such as in Table 5.22) is likely to 
enhance forest nutrient management. Disaggregation of coarse-grain information to 
produce finer-grain information requires caution, and if possible should be avoided. 
5.6 Conclusions 
Variability of the selected foliar nutrient concentrations exhibited a relationship with the 
landscape but not for all foliar nutrients at every level of spatial resolution. At the coarse 
scale, stratifications of foliar nutrient concentrations by aggregated soil map unit and land 
system were effective. The lower effort required to delineate land systems makes the land 
system stratification (LS) the more efficient of the two. Differences in foliar P and foliar 
Mg were well distinguished using the aggregated soil map unit and land system 
stratifications, the differences between strata reflecting changes in the rainfall regime. 
Within U3 complex land system spatial stratifications of foliar nutrient variability by 
simple land system and land component combinations were effective. Foliar N variability 
was spatially structured at a resolution finer than used in the analysis (i.e. perhaps by land 
elements within land components), or related to forest management site disturbance and 
soil microbial variability. Foliar P and Mg did not vary significantly within U3. Foliar K 
was variable between land components within simple land systems but was difficult to 
interpret. Foliar B increased from the Oruanui land system to the Mamaku land system, 
reflecting an increased rainfall from the Oruanui land system to the Mamaku land system. 
For the U3 complex land system there was no extra benefit in stratifying foliar N, P and 
Mg at a resolution finer than the complex land system. For foliar K and B, stratifying by 
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combinations of simple land system and land component provided an improved 
understanding of the spatial variability of these foliar nutrients within U3 complex land 
system. 
The percentage of foliar nutrient concentration variance that was not explained by the 
stratifications was high, 43-93% for the land system stratification of coarse scale data, and 
43-80% for the stratifications of fine scale data used within U3. For the land system 
stratification, the unexplained variance was attributed to poor data quality associated with 
variations in management history, the "ground trothing" of sample points, the position of 
sample points within land systems, and seasonal and annual foliar nutrient concentration 
variability. For the stratifications used within U3, the unexplained variance was attributed 
to the influence of genoptye, management practices, and forest health. Another possibility 
was that the foliar nutrient variability not encapsulated by the stratifications used in the 
analysis was spatially structured over a shorter range (e.g. land element), as suggested for 
foliar N, P and Mg. 
Appropriate stratification for foliar nutrient management requires consideration of the 
structure of spatial variability of foliar nutrient concentrations, the limitations imposed by 
nutrient management practices, and foliar nutrient levels and probability of deficiency. The 
appropriate stratification for forest nutrient management in U3 was the complex land 
system, for foliar N, P, Mg and K, and simple land systems, for foliar B. 
Disaggregation of soil maps to provide stratification of foliar nutrient variables at a finer 
grain should be avoided, as meaningless results are likely. Care should also be taken when 
interpreting the results from poor quality data, and the limitations of using such data should 
be acknowledged. A soil-landscape stratification method (such as the hierarchical land 
system stratifications used in this study) is needed for foliar nutrient data collection. This 
is likely to provide foliar nutrient information that is more spatially representative of the 
forest, and more meaningful for forest nutrient management. 
It is concluded that stratification of foliar nutrient variables by hierarchical land system 
criteria is beneficial, the resolution of the appropriate stratification depending on the foliar 
nutrient in question. There is considerable scope to apply the stratification method used for 
foliar nutrient variables within other parts of Kinleith Forest to refine amelioration, data 
collection for monitoring changes in forest nutrition, and optimise site productivity. 
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CHAPTER SIX 
The spatial variability of Pinus radiata D. Don productivity indices in 
relation to the soil-landscape on the southern Mamaku Plateau, part of 
Kinleith Forest, New Zealand. 
6.1 Introduction 
In New Zealand Pinus radiata D. Don (P. radiata) plantations have been established on 
a variety of sites and are tended under a wide range of silvicultural regimes (West et al., 
1982). Forest productivity is influenced by abiotic factors (site and forest management 
practices) and biotic factors (climate, topography and soil chemical, physical and microbial 
variables) (Ballard, 1971; Lavery, 1986). The relative influence of these factors varies at 
the regional scale and forest scale. At the regional scale, climatic gradients and geology 
have been shown to govern the broad variation in productivity (Czamowski et al., 1971; 
Jackson and Gifford, 1974; Booth and Saunders, 1980). At the forest scale, site factors 
such as topography and the soil pattern determine the availability of soil moisture and soil 
nutrients under a uniform climate, and cause variability in forestry productivity (Ballard, 
1971; Truman et al., 1983; Ryan, 1986; Turvey et al., 1986). 
Variations in P. radiata productivity have been related to landscape changes and the soil 
pattern. Turvey (1983; 1986) used soil units as the basis for the delineation of land units 
for a plantation land classification. Lavery (1986) described a plantation forest as a mosaic 
of different plantation stands on different "site types". Payn et al. (1999a) argued that 
stratification of foliage data by soil map units provided a reasonable means for forest 
management where sparse data ruled out detailed spatial analysis. This approach assumes 
that the soil map scale was sufficiently fine to represent the variability of foliar nutrition 
and that all nutrients have similar spatial variability. Lavery (1986) and others have 
identified the need for the stratification of "site types" into productivity classes to: 
1. Simplify the complex interaction of site factors (Hagglund, 1981); 
2. Predict productivity (West et al., 1982; Lavery, 1986); 
3. Identify sites with high potential productivity (Hunter and Gibson, 1984); 
4. Facilitate monitoring (Lavery, 1986; Payn et al., 1999a). 
In New Zealand and elsewhere around the world, site index is the most commonly used 
single-attribute index of forest productivity for ranking site types (Hagglund, 1981; Lavery, 
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1986). Site index for P. radiata is defined as the mean top height for a given reference age, 
which in New Zealand is 20 years (Hammond, 1995). Of lesser prominence are the 
volume-based indices, mean annual increment, diameter index and basal area index. In 
New Zealand the meaningful interpretation of these productivity measures for comparisons 
of productivity within and between forests is confounded because of the variation in 
silvicultural regime. For example basal area increased in response to N fertiliser only 
where the forest stand had been previously thinned (Hunter et al., 1985). 
This chapter examines the distribution of selected productivity indices within a selected 
land system (U3 complex land system) on the upper Mamaku terrain. I investigate the 
relationship between the variability of forest productivity and changes in the landscape and 
soil pattern, and examine implications associated with the relationships between site 
information and productivity, and forest management decisions. 
6.1.1 Measures afforest productivity 
For P. radiata in New Zealand, site index is based on a measure of stand height at age 
20 years. Other indices used are predominant mean height, basal area, total standing 
volume and mean annual increment. Lavery (1986) summarised the problems associated 
with each forest productivity index. Under traditional integrated regimes, where full site 
capture is maintained throughout the rotation, dominant tree height and volume provide a 
fairly accurate indication of forest productivity as they are reasonably unaffected by stand 
density and thinning treatments. However, where plantations are managed under a low 
stocked c1earwood regime, site occupation is sub-optimal and consequently total volume 
production is sub-optimal. In this situation site index and volume are more dependent on 
stand management (Lavery, 1986). 
A selected summary of P. radiata productivity studies in New Zealand, involving 
fertiliser responses and environmental variables, (Table 6.1.) suggests that physical site 
factors influence both basal area and height productivity indices. Where soil nutrients are 
limiting (e.g. in Pumice Soils) basal area generally provides a better indication of 
productivity variation than tree height (Hunter and Hoy, 1983; Hunter et ai., 1985). 
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Table 6.1. A summary of P. radiata productivity indices used in New Zealand and their effectiveness in 
representing the variables driving productivity 
Reference Productivity Relationship or Effectiveness Site comment 
index response of index 
Ballard (1970) Predominant P fertiliser Effective Low nutrient 
mean height sites 
Ballard (1971) Predominant Soil texture, topography Effective Low nutrient 
mean height sites 
Jackson and Gifford Periodic volume Precipitation, rainfall, Effective Range of New 
(1974) increment soil depth, total Nand Zealand sites 
OlsenP 
Hunter and Hoy Predominant N fertiliser Not effective Pumice soils 
(1983) mean height and low nutrient 
sites 
Hunter and Gibson Site index Climate, rainfall, Effective Range of New 
(1984) nutrients, soil depth and Zealand sites 
soil penetrability 
Hunter et al. (1985) Predominant N fertiliser Not effective Pumice soils 
mean height 
Basal area N fertiliser Effective 
Hunter et al. (1987) Stem volume Nand P fertiliser Effective Pumice soils 
increment and low nutrient 
sites 
Woollons and Will Height N fertiliser Not effective Pumice soils 
(1975) 
Standing volume N fertiliser Effective 
6.1.2 Factors influencing the spatial variability of productivity indices 
With any examination of variables in the landscape the scale at which the variables are 
described detennines the infonnation provided. For example, Ryan (1986) in a study of P 
radiata in Lithgow district, New South Wales, Australia showed that forest productivity 
variation at the soil catena scale was not evident at the regional scale where parent material 
variation was the dominant driving factor. For the same district, Turvey et al. (1986) stated 
that regional climate was the main factor detennining forest productivity at the coarse 
scale. A regional scale study in Chile by Schlatter and Gerding (1984) found that soil 
textural properties were most significant in detennining forest productivity. The site 
factors were examined for the study area as a whole but a separation of sandy and non-
sandy soils identified moisture regime and soil nutrients to be the main influences. 
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Turvey et ai. (1986) found that, at the regional scale, geological classes (used as a 
surrogate for soil units) provided limited value as a basis for delineating forest 
productivity. For the same study at a forest scale, Ryan (1986) demonstrated that, within 
these geologically defined units, forest productivity variability was more precisely 
explained by the position of the stand within a soil caternary sequence. 
6.1.3 Aim 
This study aimed to: 1) investigate the structure of the spatial variability of selected 
forest productivity indices in relation to the landscape and soil pattern across a range of 
scales on the southern Mamaku Plateau; and 2) to assess, at different scales, the 
relationship between productivity indices and foliar nutrient concentrations. 
6.1.4 ObjeCtives 
1. Determine the extent to which spatial variability of selected productivity indices is 
partitioned by the soil-based stratifications across a hierarchy of spatial resolutions. 
2. Determine whether the relationships between the stratifications and the productivity 
indices are consistent across all the productivity indices. 
6.2 Methods 
6.2.1 Productivity indices 
Two independent data sets were used. Productivity indices were calculated from 
existing permanent sample plot data for a coarse scale analysis, and from data collected in 
this study for a fine scale analysis. 
The coarse scale data cover the area on the southern Mamaku Plateau described in 
Chapter 3 (see Figure 3.1). A detailed description of the landscape and soil pattern for the 
study area was provided in Chapter 3. Permanent sample plot data, routinely collected by 
Carter Holt Harvey Forests Limited were used. A total of 110 permanent sample plots 
were used. Plot locations were recorded on a GIS using ARCIINFO® software (Figure 
6.1). 
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Figure 6.1. Location of permanent sample plots. 
l59 
The fine scale data set comes from the plots situated in study windows 2 and 3 of U3 
complex land system described in Chapter 4 (see Figure 4.1). The 32 rectangular bounded 
plots described in Chapter 5 were used. All living trees were included for measurement. 
Tree growth variables, including diameter at breast height, height, and the number of trees 
per plot were measured in each of the 32 selected plots. The measurements were carried 
out in January, February and March 1998. Stocking (stems per hectare) was calculated 
from the number of stems divided by the plot area. 
The productivity indices for P. radiata used in this study were site index, basal area 
index and volume index. All indices were for P. radiata trees at age 20 years. Only the 
top 100 trees in each plot were used to try and minimise the effects of different 
management practices (i.e. thinning and pruning) between plots (R. Woollons, T Payn, M. 
Kimberley and A. Haywood, Pers. comm. 1996). It was noted that the management of the 
Mamaku Plateau was likely to have been relatively uniform because the forest had been 
established over a short period (between 1970 and 1985). 
Productivity index data was calculated as follows; site index (m) from mean top height 
for the top 100 trees, the basal area index (m2 ha-l ) from the mean top diameter for the top 
100 trees (i.e. using the mean diameter of the top 100 trees). The volume index (m3 ha- l ) 
represents the volume of the top 100 trees. The coarse scale indices were calculated at 
Carter Holt Harvey Forests Limited, Tokoroa. The fine scale indices were calculated at 
Forest Research, Rotorua. In both cases volume index was calculated using standard 
growth models applicable to Kinleith Forest (A. Haywood, Pers. comm. 1996; J. Hayes, 
Pers. comm. 1998). 
Stratification criteria used for the coarse and fine scale analyses in this chapter were the 
same as described in Chapter 5. 
6.2.2 Data analysis 
1. General data characteristics were described using the MEANS procedure in SAS 
software (SAS Institute, 1985). Sample size, sample mean, standard deviation, 
maximum, minimum and range were included. 
2. Data were subjected to analysis of variance (ANOVA). The GLM and LSMEANS 
procedures in SAS software (SAS Institute, 1985) were used for all analyses. The 
least squared means test was used to examine the following effects: 
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a) Significant differences for productivity indices at the coarse scale following 
stratification by aggregated soil map unit stratification or stratification by land 
system; 
b) Significant differences for productivity indices within U3 following 
stratification by simple land system (Oruanui and Mamaku), land components 
(hillock, ridge, flat and ravine), and simple land system and land component 
combinations; 
3. Estimates of the variance not explained by each stratification at the coarse scale and 
for the simple land system and land component combinations at the fine scale were 
calculated by dividing the error sum of squares by the total sum of squares for each 
stratification (C. Frampton, Pers. comm. 1999); 
4. Simple correlation analysis (Pearson's correlation coefficient) using the CORR 
procedure in SAS (SAS Institute, 1985), was performed on the productivity index 
data and foliar nutrient data (from Chapter 5). 
6.3 Results 
6.3.1 Stratification of productivity indices for P. radiata at the coarse scale 
Histogram plots of residuals for productivity index data were normally distributed and 
did not show the ANOVA to be inappropriate (c. Frampton, Pers. comm. 1999). Site 
Index ranged from a maximum of 39.3 m to a minimum of 24.0 m (Table 6.2). Basal area 
index also has a large range (18.7 m). These values represent a significant difference in 
height (site index) and basal area index and are further reflected in the large range of 
volumes over the study region. 
Table 6.2 Statistical summaries for the coarse scale productivity index data 
Site index Basal area index Volume index 
(m) (m2 ha-1) (m3 ha-1) 
Sample size (n) 110 110 110 
Mean 32.3 17.0 187 
Standard deviation 3.37 3.55 52.1 
Minimum 24.0 9.3 81 
Maximum 39.3 28.0 357 
Range 15.3 18.7 276 
161 
6.3.1.1 Site index 
Significant differences (p<O.OOl) in site index were identified between strata for the 
aggregated soil map unit stratification, and the land system stratification shown in (Table 
6.3). 
Table 6.3. Site index (m) for the ASMU stratification and the LS stratification 
Toi Mk 
27.4, 30.4, 
(1), (20), 
c be 
Ul 
31.4, (14), 
b 
AS 
27.4, 
(1), 
c
3 
U3 
30.0, (28), 
bc 
Stratification 
Aggregated soil map unit (ASMUi 
Oi Tp Na MoS Wu 
30.6, 36.0, 31.1, 31.0, 33.2, 
(24), (35), (4), (11), (4), 
be a be be ab 
Land system (LS) 
Ml 
29.8, (9), 
be 
M2 
30.9, (5), 
be 
M4 
31.2, (9), 
be 
1 Pr>F indicates significance using a F-test; ***=p<O.OOI 
HaS 
31.5, 
(5), 
be 
L1 
29.2, (6), 
c 
Yp Ai 
28.0, 28.8, 
(4), (1), 
c c 
L2 
35.7, (39), 
a 
2 Toi=Tihoi, Mk=Mamaku, AS=Arahiwi, Oi=Oruanui, Tp=Taupo, Na=Ngakuru, MoS=Motumoa, 
Wu=Waiohotu, Ha=Haupeehi, Yp=Waipahihi, Ai=Atiamuri 
3 mean, (n), means with the same letter are not significantly different (p<0.05) 
*** 
*** 
The aggregated soil map unit stratification showed, Tihoi (Toi), Arahiwi (AS) and 
Atiamuri (Ai) complexes, together with the Waipahihi (Yp) complex, had significantly 
lower site index than the Taupo (Tp) complex. The land system stratification identified L2 
as having significantly higher site index than the other land system strata. Given the small 
sample size for some of the aggregated soil map unit and land system strata the results 
should be considered indicative only. 
6.3.1.2 Basal area index 
Significant differences (p<O.OOI) in basal area index between strata were identified for 
the aggregated soil map unit stratification, and the land system stratification shown in 
(Table 6.4). For the aggregated soil map unit stratification, basal area index for the Taupo 
(Tp) complex was significantly higher than the Tihoi (Toi), Arahiwi (AS) complexes. The 
Waipahihi (Yp) complex had a significantly lower basal area index than the Taupo (Tp) 
complex. For the land system stratification basal area index was highest for L2 and U3 
land systems. 
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Table 6.4. Basal area index (m2 ha-I) for the ASMV stratification and the LS stratification 
Toi Mk 
11.5, 16.5, 
(1), (20), 
c abc 
VI 
17.1, (14), 
ab 
AS 
12.7, 
(1), 
bc3 
V3 
17.3, (28), 
a 
Stratification 
Aggregated soil map unit (ASMVi 
Oi Tp Na MoS Wu 
18.1, 19.0, 14.9, 14.6, 15.0, 
(24), (35), (4), (11), (4), 
ab a abc abc abc 
Land system (LS) 
Ml 
14.9, (9), 
bc 
M2 
14.1,(5), 
bc 
M4 
14.4, (9), 
c 
I Pr>F indicates significance using a F-test; ***=p<O.OOI 
HaS 
14.5, 
(5), 
abc 
L1 
13.7, (6), 
c 
Yp Ai 
12.1, 13.9, 
(4), 
bc 
(1), 
abc 
L2 
18.7, (39), 
a 
2 Toi=Tihoi, Mk=Mamaku, AS=Arahiwi, Oi=Oruanui, Tp=Taupo, Na=Ngakuru, MoS=Motumoa, 
Wu=Waiohotu, Ha=Haupeehi, Yp=Waipahihi, Ai=Atiamuri 
3 mean, (n), means with the same letter are not significantly different (p<0.05) 
6.3.1.3 Volume index 
*** 
*** 
Significant differences (p<O.OOl) in volume index between strata were identified for the 
aggregated soil map unit stratification, and the land system stratification shown in Table 
6.5. For the aggregated soil map unit stratification Taupo (Tp) complex was significantly 
higher than the Tihoi (Toi), Arahiwi (AS), Waipahihi (Yp), and Atiamuri (Ai) complexes. 
For the land system stratification the L2 land system had a significantly higher volume 
index than all other land systems. 
Table 6.5. Volume index (m3 ha-1) for the ASMV stratification and the LS stratification 
Toi Mk 
108, 169, 
(1), (20), 
b 
VI 
183, (14), 
b 
ab 
AS 
118, 
(1), 
b3 
V3 
175, (28), 
bc 
Stratification 
Aggregated soil map unit (ASMV)2 
Oi Tp Na MoS Wu 
187, 232, 158, 154, 172, 
(24), (35), (4), (11), (4), 
ab a ab ab ab 
Ml 
152, (9), 
bc 
Land system (LS) 
M2 M4 
152, (9), 
bc 
149, (5), 
bc 
I Pr>F indicates significance using a F-test; ***=p<O.OOI 
HaS 
156, 
(5), 
ab 
L1 
137, (6), 
c 
Yp 
117, 
(4), 
b 
Ai 
136, 
(1), 
b 
L2 
227, (39), 
a 
2 Toi=Tihoi, Mk=Mamaku, AS=Arahiwi, Oi=Oruanui, Tp=Taupo, Na=Ngakuru, MoS=Motumoa, 
Wu=Waiohotu, HaS=Haupeehi, Yp=Waipahihi, Ai=Atiamuri 
3 mean, (n), means with the same letter are not significantly different (p<0.05) 
*** 
*** 
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6.3.2 Stratification a/productivity indices/or P. radiata in U3 
Histogram plots of residuals for productivity index data did not show the ANOV A to be 
inappropriate (C. Frampton, Pers. comm. 1999). All productivity indices showed a wide 
range of values (Table 6.6). This suggested the understanding of the variability of all 
productivity indices could be improved by spatial stratification using simple land systems 
and land component combinations (LSs, LC and LSs*LC). 
Table 6.6. Statistical summaries for fine scale productivity index data 
Site index Basal area index Volume index 
(m) (m2 ha-I) (m3 ha-I) 
Sample size (n) 32 32 32 
Mean 26.1 17.9 248 
Standard deviation 2.12 1.77 85.9 
Minimum 21.7 14.8 114 
Maximum 31.9 21.9 415 
Range 10.2 7.1 301 
6.3.2.1 Site index 
Site index was not significantly different between strata for any stratification (Table 
6.7). 
Table 6.7. Site index (m) of P. radiata within U3 
Stratification 
LSs 
(n=16) 
Simple land systems in U3 
Oruanui land system 
26.42 
Land components in U3 
Mamaku land system 
25.8 
LC 
(n=8) 
Hillock 
25.3 
Ridge 
26.5 
Flat 
27.1 
Ravine 
25.4 
LSs*LC 
(n=4) 
Hillock 
25.4 
Oruanui land system 
Ridge 
27.6 
Flat 
27.4 
Ravine 
25.1 
Hillock 
25.2 
I Pr>F indicates significance using a F-test; ns=not significant 
2 mean 
6.3.2.2 Basal area index 
Mamaku land system 
. Ridge 
25.5 
Flat 
26.9 
Ravine 
25.7 
ns 
ns 
ns 
Significant differences in basal area index (p<O.OI) were identified between strata for all 
stratifications (Table 6.8). Stratification by land component within simple land systems 
(LSs*LC) provided the greatest explanation of the spatial variability for basal area index. 
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The significantly higher basal area index for the Mamaku land system was largely due to 
the high values for the hillock within the Mamaku land system. The highest basal area 
index occurred on the hillocks in the Mamaku land system and the lowest basal area index 
occurred on the ravines in the Oruanui land system. Basal area index for ravines in the 
Oruanui land system was significantly lower than all other land components in both simple 
land systems except ravines in the Mamaku land system and hillocks in the Oruanui land 
system. 
Table 6.8. Basal area index (m2 ha·1) of P. radiata within U3 
Stratification 
LSs 
(n=16) 
LC 
(n=8) 
Simple land systems in U3 
Oruanui land system 
17.2, b2 
Mamaku land system 
18.6, a 
Land components in U3 
Hillock 
18.9, a 
Ridge 
18.1,ab 
Oruanui land system 
Flat 
18.1, ab 
Ravine 
16.5, b 
Mamaku land system 
LSs*LC Hillock Ridge Flat Ravine Hillock Ridge Flat Ravine 
(n=4) 16.7, 18.4, 17.6, 16.0, 21.1, 17.8, 18.6, 17.1, 
cd b bc d a bc b bcd 
1 Pr>F indicates significance using a F-test; **=p<O.Ol 
2 mean, (n), means with the same letter are not significantly different (p<0.05) 
6.3.2.3 Volume index 
** 
** 
** 
Significant differences in volume index (p<O.Ol) were identified between strata for the 
LC stratification (Table 6.9). There were no significant differences in volume index 
between simple land systems and for land components within the simple land systems. 
Volume index for ravines was significantly lower than for hillock and flats. 
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Table 6.9. Volume index (m3 ha-') of P. radiata within U3 
Stratification 
LSs 
(n=16) 
Simple land systems in U3 
Oruanui land system 
2552 
Land components in U3 
Mamaku land system 
240 
LC 
(n=8) 
Hillock 
294, a 
Ridge 
241, ab 
Flat 
287, a 
Ravine 
168,b 
Oruanui land system Mamaku land system 
LSs*LC 
(n=4) 
Hillock 
290 
Ridge 
302 
Flat 
276 
Ravine 
151 
Hillock 
298 
Ridge 
180 
, Pr>P indicates significance using a F-test; ns=not significant, **=p<O.Ol. 
2 mean, (n), means with the same letter are not significantly different (p<0.05). 
6.4 Interpretation and discussion 
6.4.1 The spatial structure of variability for productivity indices 
Flat 
298 
Ravine 
186 
Pr>P' 
ns 
** 
ns 
The spatial structure of variability for productivity indices was detennined by the 
recognition of significant differences between strata. The variance of a productivity index 
is considered to be spatially structured when significant differences are observed within a 
stratification. 
6.4.1.1 Coarse scale: aggregated soil map units and land systems 
At the coarse scale, the spatial stratification of variability of all productivity indices by 
aggregated soil map unit and land system was effective. The land system stratification 
proved to be as effective as the aggregated soil map unit stratification. 
Although stratification by aggregated soil map unit and land system were both effective 
there remained a large amount of variance unexplained (Table 6.10). 
Table 6.10. The percentage of productivity index variance not explained by the aggregated soil map unit and 
land system stratifications used in the coarse scale analysis 
Stratification 
Site index 
Aggregated soil map unit 38 
Land system 39 
Unexplained variance (%) 
Basal area index 
67 
76 
Volume index 
55 
62 
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This result is plausible at the coarse scale, as variability is likely to be better explained at 
a finer scale. The variance that is not explained within the stratification may represent 
either erroneous data, or the effect of factors other than those related to the soil or 
landscape on forest productivity (e.g. forest health and forest management practices). 
For the coarse scale analysis data variability, discussed below is likely to be the main 
source of the unexplained variance. Interpretation of the coarse scale stratification of 
variability of productivity indices is restricted by the quality of the data in a number of 
ways: 
1. The sample sizes for strata may not provide an adequate representation of site 
productivity for those strata. For example, only a single value is available for the 
Tihoi (Toi) , Arahiwi (AS) and Oruanui (Oi) complexes in the aggregated soil map 
stratification. 
2. There was no opportunity to check that the actual soil underlying each permanent 
sample plot in the field corresponded to that suggested by the aggregated soil map 
unit. 
3. Given the altitude range and rainfall gradient identified in Chapter 3 for the southern 
Mamaku Plateau, data variability may have been reduced by the inclusion of altitude 
temperature or rainfall data as covariates. At the time the analysis was carried out 
such data was unavailable, but its inclusion in future analyses should be considered. 
4. Silvicultural regimes are not consistent through time or spatially within the forest. 
The productivity indices calculated from permanent sample plot data may be affected 
by variation in silvicultural regime between permanent sample plots. 
As with the coarse scale results in Chapter 5, interpretation of the factors affecting the 
variability of forest productivity indices requires some caution due to errors associated with 
the data set described above and as a result interpretation is difficult and unclear. 
For the aggregated soil map unit stratification, productivity indices were generally 
higher for the Taupo (Tp) complex and lower for the Waipahihi (Yp), Atiamuri (Ai), Tihoi 
(Toi) and Arahiwi (AS) complexes. Two factors were seen to influence the spatial 
variability of productivity indices. These were best observed in the aggregated soil map 
unit stratification and to a lesser degree the land system stratification. 
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The difference in productivity between the Taupo and the Waipahihi and Atiamuri 
complexes is interpreted as being relating to the deposition and distribution characteristics 
of the Taupo Ignimbrite. Waipahihi and· Atiamuri complexes contain soils formed 
predominantly in valley ponded Taupo Ignimbrite that has infilled deeply incised valleys 
(see Chapter 3). They have low soil nutrient status and impeded root growth caused by 
very high soil bulk density (Rijkse, 1994). 
The findings of the aggregated soil map unit stratification suggest that podzolisation in 
Taupo Ignimbrite dominated soils at higher elevation leads to lower productivity. In 
general terms, this suggests a regional rainfall gradient (and associated leaching) increasing 
with elevation may be responsible for decreased productivity on podzolised soils at higher 
elevations. Another possibility is that a decrease in temperature at higher elevations is 
reducing productivity. Site index is the productivity measure most likely to respond to a 
change in temperature (Hunter and Gibson, 1984). In the absence of temperature data, if 
the assumption is made that temperature does decrease with increasing elevation (in the 
absence of temperate data) then site index should be lowest for the land systems on the 
upper Mamaku terrain. However, the results in Table 6.3 do not support this assertion. 
For the land system stratification of the coarse scale data, productivity indices were 
generally higher in L2, but overall significant differences in all productivity indices were 
difficult to interpret. In Chapter 3 Taupo series occurred in complex soil map units in L2. 
The higher productivity in L2 therefore agrees with the higher productivity observed for the 
Taupo complex (dominated by Taupo series) in the aggregated soil map unit stratification. 
The lower productivity was observed for the Waipahihi complex in the aggregated soil 
map unit stratification. This complex consists mainly of soils formed in valley ponded 
Taupo Ignimbrite (Waipahihi series) commonly occurring as consociations on valley floors 
in land systems Ml, M3 and Ll (see Chapter 3). Lower productivity for these land systems 
was not observed in the land system stratification. The Tihoi series were shown in 
Chapters 3 and 4 to occur in complex soil map units occupying land systems on the upper 
southern Mamaku Plateau (Ul, U2 and U3). There was no clear evidence of decreased 
productivity for these land systems using the land system stratification. 
6.4.1.2 Fine scale analysis: within U3 
For the U3 complex land system, there were no significant differences observed for site 
index (Table 6.11). For basal area index, spatial variability was structured by land 
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components within simple land systems. The spatial variability of volume index was 
structured by land components within U3. 
Table 6.11. Efficacious stratification for productivity indices within U3 
Productivity index Level of resolution at which variability 
is spatially structured 
Site index Within land components or greater than 
complex land system 
Basal area index Land components within simple land 
Volume index 
systems 
Land components within the complex 
land system 
Efficacious stratification 
None 
LSs*LC 
LC 
As with the coarse scale analysis there remained a large percentage of unexplained 
variance (Table 6.12). 
Table 6.12. The percentage of productivity index variance not explained within the simple land system and 
land component stratification combinations 
Stratification 
Within simple land 
system and land 
component combinations 
Site index 
79 
Unexplained variance (%) 
Basal area index 
31 
Volume index 
50 
The amount of variance in productivity indices not explained is less for basal area index 
than for the volume index and site index, but is still about 30 %. This suggests that factors 
other than those related to the soil-landscape are influencing forest productivity within U3, 
or that the variability is occurring within land components. Of the three productivity 
indices, the spatial variability of the basal area index has a stronger relationship with 
landscape and soil factors. 
The absence of significant differences in site index (see Table 6.7) and the high 
percentage of unexplained variance in Table 6.12 indicated that the spatial variability of 
site index was not related to landscape and soil factors in this case. This is to be expected 
for site index at this scale because variability in site index is more likely to occur over a 
longer range, driven by altitude or rainfall gradients. Basal area index was significantly 
higher for the Mamaku land system in general and on hillocks within the land system. 
Significantly lower basal area index occurred on ravine land components. There was no 
evidence supporting the control of basal area index variation by a catenary gradient. 
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However, consistently lower basal area index on ravines could reflect a decrease in forest 
health related to landscape position in the wetter Mamaku land system. The absence of 
significant differences between land components of the Oruanui land system and strong 
significant differences in the Mamaku land system (Table 6.8), raises the question as to 
whether there is a rainfall-related forest nutrition or forest health threshold present. The 
thickness of Taupo Ignimbrite is discarded as a factor controlling the variance of basal area 
index because there is no significant difference in basal area index between flat and hillock 
land components, both having significantly different Taupo Ignimbrite thickness (see 
Chapter 4). 
In chapter 4 the main factors driving the soil pattern were shown to be rainfall regime 
(leaching) and the thickness distribution of Taupo Ignimbrite. The absence of variability in 
basal area index and volume index between land components with contrasting Taupo 
Ignimbrite, suggests that soil variability in terms of Taupo Ignimbrite is insufficient to 
influence productivity indices (i.e. the soil is "viewed" by the tree as uniform). 
Significant differences in the volume index were observed among land components. 
The lowest volume index was associated with the ravines. As with basal area index, the 
variance could not be explained by the existence of a catenary gradient between land 
components because of the absence of significant differences in volume index between the 
topographically contrasting land components (flats and hillocks). The lower volume index 
for ravines was interpreted as relating to poor forest health as a result of topographic 
position. For example, the incidence of Dothistroma and Cyclaneusma are greatly reduced 
with increased air circulation (i.e. on hillocks and ridges than flats and ravines) (Bulman, 
1993). An unquantified observation of unhealthy crowns and severe needle loss on trees in 
the ravines is in agreement with this interpretation. Direct measurement of local 
microclimatic variation or estimation of these variables from DEM-derived climate models 
would provide useful data. These data could be used to identify effects on tree growth 
other than soil-influenced effects. 
6.4.2 A comparison of productivity indices andfoliar nutrient concentrations 
6.4.2.1 Comparison using coarse scale data 
The productivity index and the foliar nutrient data sets at the coarse scale are 
independent and the location of sampling points is not consistent between data sets. The 
land system stratification was used to provide mean productivity indices and foliar nutrient 
concentrations for each land system. These means were pooled to test the relationships 
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between productivity indices and foliar nutrient concentrations using a simple correlation 
analysis. Only six land systems contained both productivity index and foliar nutrient 
concentration data and consequently the correlation analysis had a sample size of n=6. 
No significant relationships between land system stratified foliar nutrient means and 
productivity indices were identified (Table 6.13). As a result, multiple linear regression 
analysis was not performed. 
Table 6.13. Matrix of productivity index and foliar nutrient concentration correlation coefficients using the 
land system stratified data 
SI 
(m) 
SI 1.000 
(m) 
BAI 0.633 1.000 
(m2 ha-I) ns 
VI 0.865 0.934 1.000 
(m3 ha-I) * ** 
N -0.701 -0.193 -0.427 
(%) ns ns ns 
P 0.131 -0.325 -0.175 
(%) ns ns ns 
Mg 0.131 0.378 0.293 
(%) ns ns ns 
B -0.210 -0.722 -0.577 
(mg kg-I) ns ns ns 
SI=site index, BAI=basal area index, VI=volume index 
ns=not significant, *= p<0.05, **=p<O.OI 
N 
(%) 
1.000 
-0.274 
ns 
-0.274 
ns 
-0.472 
ns 
P 
(%) 
1.000 
0.000 
ns 
0.414 
ns 
Mg 
(%) 
1.000 
0.i04 
ns 
1.000 
In the absence of statistically significant associations, general trends were identified. 
Productivity indices generally showed a negative correlation with foliar N and a positive 
association with foliar P. This is supported by a negative correlation between foliar Nand 
foliar P. Furthermore, foliar Mg and foliar B also displayed a similar negative association 
with foliar N. These associations can be interpreted as an artefact of productivity (T. Payn, 
Pers. comm. 1999). This is most apparent in an environment with low nutrient availability 
(e.g. one deficient in P, Mg and B) where growth is reduced and N accumulates as a result. 
Conversely where nutrients are not limiting (and there are no other growth limiting factors) 
growth is stronger and N accumulation is reduced. 
6.4.2.2 Comparisonfor U3 
A simple correlation analysis failed to identify any significant relationships between 
foliar nutrient concentrations and productivity indices for U3 (Table 6.14). As a result, 
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multiple linear regression analysis was not performed. Stratification by land component 
may have provided greater insight into foliage-productivity relationships but was prevented 
because sample numbers were insufficient. 
Table 6.14. Matrix of productivity index and foliar nutrient concentration correlation coefficients for U3 
SI BAl VI N P Mg K B 
(m) (m2 ha- I) (m3 ha-I) (%) (%) (%) (%) (mgkg-I) 
SI 1.000 
(m) 
BAl 0.074 1.000 
(m2ha- l ) ns 
VI 0.284 0.607 1.000 
(m3 ha- I) * *** 
N -0.323 -0.131 -0.188 1.000 
(%) ns ns ns 
P 0.227 0.103 0.329 -0.432 1.000 
(%) ns ns ns * 
Mg -0.166 0.021 -0.172 0.407 -0.071 1.000 
(%) ns ns ns * ns 
K 0.190 -0.088 0.125 -0.278 0.541 0.169 1.000 
(%) ns ns ns ns ** ns 
B -0.0519 0.260 0.138 -0.135 0.133 0.193 0.445 1.000 
(mg kg-I) ns ns ns ns ns ns ** 
SI=site index, BAl=basal area index, VI=volume index 
ns=not significant, *= p<0.05, **=p<O.Ol, ***=p<O.OOl 
The relationships identified between foliar nutrients in the coarse scale data were 
generally similar for U3. The negative correlation shown in Table 6.16 between foliar N 
and foliar P was significant (p<O.05). Foliar Mg showed a significant positive correlation 
with foliar N, in contrast to the negative relationship suggested at the coarse scale. This 
association could not be adequately explained from previous foliar nutrient studies. 
However, Adams (1975) found a similar relationship between foliar N and foliar Mg on 
low nutrient soils in Tasman Forest, Nelson. Significant positive correlations between 
foliar K and foliar P and B agree with the trend of a negative association with foliar N. 
6.S Management implications 
The measurement of forest productivity provides the forest manager with a means by 
which he/she can monitor the silvicultural regime and provide an estimate of site quality 
(Lavery, 1986). Forest inventory and growth and yield models provide for this. 
Silvicultural, mid-rotation and pre-harvest inventories are the three main types of 
management inventory. Data collected are used for planning, scheduling and control of 
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silvicultural operations, monitoring growth, administering harvesting operations, and to 
assist with predictions of growth and yield (Hammond, 1995). These data are collected 
from plots generally positioned randomly within the area of forest to be measured. 
Growth and yield models are mathematical equations that predict the development of 
tree crops over time (eg. STANDPAK, Forest Research). Such models are based on data 
collected from permanent sample plots (Hammond, 1995). These have been used in this 
chapter to provide the forest productivity data. It is of fundamental importance that 
permanent sample plots are collectively representative of the forest productivity for a given 
forest, to allow the development of accurate growth models. In Kinleith Forest, permanent 
sample plots are positioned randomly throughout the forest. In this chapter it has been 
shown that the spatial variability of productivity indices is structured across a hierarchy of 
spatial scales. Therefore, it is possible that the positioning of permanent sample plots, 
using the most efficacious level of stratification for productivity indices, could be improved 
to provide a more realistic representation of productivity for a given forest area. For 
example, within a land system, positioning permanent sample plots proportionally 
according to the spatial structure of forest productivity would provide an improved picture 
of forest productivity for that land system. Applying the same model to all land systems 
within a forest would provide a vastly improved indication of productivity for the forest as 
a whole. Similarly, for forest inventory, positioning plots according to the observed spatial 
variability in forest productivity is likely to enhance the representation of forest 
productivity for the area. Collecting plot data is also expensive and time consuming. An 
understanding of the spatial variability of productivity indices provides the opportunity for 
more efficient collection and meaningful extrapolation of the data. For U3, the level of 
spatial resolution at which productivity index variance is structured provides the most 
appropriate stratification for the management of forest productivity based on the 
productivity indices used in this study (Table 6.15). The concepts presented and applied in 
Chapter 5 (see Figure 5.3) are used when the spatial variability of a productivity index is 
not structured for any grainsize. 
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Table 6.15. Appropriate stratification for the management of forest productivity within U3 
Forest productivity 
index 
Site index 
Basal area index 
Volume index 
Appropriate stratification for Rationale 
management of productivity indices 
Complex land system Spatial variability is not structured for 
any stratification. 
Land components within simple land Spatial variability is structured for land 
systems component within simple land systems. 
Land components Spatial variability is structured for land 
components. 
Spatial variability of site index is such that there would be no appreciable gain to be 
made by placement of measurement plots on specific parts of the landscape within U3. 
However, at the coarse scale, site index variability was shown to be structured by land 
systems, therefore it is likely that the placement of plots using a stratified design based on 
land systems would be of benefit. In contrast to site index, basal area index varies between 
land components of different simple land systems and volume index between land 
components within the U3 complex land system. This should be recognised when using 
these productivity indices to provide an indication of forest productivity. 
At the coarse scale, environment, predominantly regional rainfall regime and climate 
together with the thickness distribution of Taupo Ignimbrite, affected all productivity 
indices. Within U3, the main influences on forest productivity were attributed to 
differences in the leaching regime between simple land systems and microclimate 
variations between land components of different simple land systems. The most effective 
measure of forest productivity variability was basal area index. The relative success of 
basal area index reaffirms the results from the previous studies summarised in Table 6.1 for 
Pumice Soils (Woollons and Will, 1975; Hunter and Hoy, 1983; Hunter et al., 1985). 
Basal area index should therefore be considered for use in future mensuration studies 
within U3. 
In Chapter 5 foliar P deficiency and marginal levels for foliar N and foliar Mg were 
observed. They were either variable within land components or not spatially variable 
within U3. The spatial variability for site index is structured similarly, but differs for basal 
area and volume indices. Based on the finding from the studies in Table 6.1 it is likely that 
amelioration of nutrient deficiencies identified by foliar nutrition will provide some 
improvement in forest productivity. However, forest productivity response may be 
174 
influenced by the other effects such forest health and those arising from forest management 
practices. 
In any situation, effective stratification of U3 does provide the forest manager with an 
improved understanding of the spatial variability of forest nutrients and forest productivity 
from which he/she can more appropriately apply forest management practices, or more 
effectively monitor forest productivity. 
6.6 Conclusions 
Variability of selected productivity indices exhibited a relationship with the soil-
landscape, but not for all productivity indices at every scale. At the coarse scale, 
stratification of productivity indices by aggregated soil map unit and land system was 
effective. The lower effort required to delineate the land systems makes the land system 
stratification the more efficient of the two. Differences in site index were well 
distinguished at the coarse scale reflecting changes in the broad climatic gradient and 
distribution of Taupo Ignimbrite across the study area. 
At the fine scale, within U3, spatial stratification of variability for productivity indices 
by all simple land system and land component combinations was meaningful. Spatial 
variability of site index did not relate to soil pattern or landscape micro-topography. Basal 
area index was variable between land components within simple land systems and volume 
index between land components within U3. Spatial variability for basal area index and 
volume index was attributed to differences in forest health related to topographic position 
(i.e. land component), and for basal area index increasing rainfall from the Oruanui land 
system to the Mamaku land system had an effect. In terms of forest productivity the soil 
pattern within U3 was perceived by the tree to be uniform. 
For U3 complex land system, there was no extra benefit in stratifying site index at a 
resolution finer than the complex land system. For basal area and volume indices, 
stratification by combinations of simple land system and land component provide a greater 
understanding of the spatial variability of these productivity indices. 
The percentage of productivity index variance that was not explained by the 
stratifications was high, 39-76% for the land system stratification of the coarse scale data, 
and 31-79% for the stratifications of the fine scale data used within U3. For the land 
system stratification the unexplained variance was attributed to poor data quality associated 
with sample size and position, the "ground truthing" of sample points regime and 
differences in silvicultural regime. For the stratifications used within U3 the unexplained 
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variance was attributed to the influence of management practices, or climatic influences on 
forest health not reflected in the soil pattern. 
There was no obvious relationship between foliar nutrient concentrations and 
productivity indices. This was explained at the coarse scale by way of inconsistencies in 
the data. Within U3, it is likely that factors such as management practices and forest health 
are influencing forest productivity and overshadowing any relationship with forest· 
nutrients. Amelioration of the observed deficient and marginal foliar nutrient levels in U3 
should result in increased forest productivity given the results from the previous studies 
(Table 6.1). A significant observation was poor forest heath, which was most prominent in 
the ravines and the Mamaku land system in general. Further research including quantified 
descriptions of forest health should be considered for U3. 
It is concluded that stratification of forest productivity indices by hierarchical land 
system criteria is beneficial, the resolution of the appropriate stratification depending on 
the productivity index in question. There is considerable scope to develop the stratification 
method used for forest productivity indices, and extend it to include other parts of Kinleith 
Forest. Potentially, the benefits would be an improved insight into the spatial variability of 
forest productivity, and extension of this insight to improve the positioning of permanent 
sample plots and collection of data for use in management inventory and forest growth 
models. 
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CHAPTER SEVEN 
The· availability of nutrients from soil horizons within selected soil profiles of 
the U3 complex land system on the southern Mamaku Plateau, part of 
Kinleith Forest, New Zealand. 
7.1 Introduction 
For a given soil-plant-climate system, nutrient uptake involves the plant and the soil. 
Soil and plant variables can be measured and used to predict nutrient uptake by the plant 
(Barber, 1995). For a simple soil profile formed in a single regolith, surface horizons are 
usually higher in available nutrients than the sub surface soil horizons. The spatial 
. variability of nutrients in the soil can be more complex when the soil is formed in a 
stratigraphically complex regolith. 
Will and Knight (1968) examined the availability of nutrients for tree growth in six 
major layers for a pumice soil profile (Kaiangaroa silty loam) in Kaingaroa Forest, central 
North Island, New Zealand. The upper four layers were formed in Taupo Tephra (ca. 1850 
yrs B.P.) and the lower two layers were buried soils formed in Holocene tephras dominated 
by the Rotoma Tephra (8530 ±1O yrs B.P.) and the Waimihia Tephra (3280±20 yrs B.P.). 
Only the Rotoma Tephra contributes significantly to the yellowish-brown beds on the 
southern Mamaku Plateau (see Table 3.3). Seedlings of Pinus radiata D. Don (P. radiata) 
were grown in the soil layers over four successive growing seasons. The ability of each 
layer to supply N, P, Mg, K and Ca was evaluated by analysing the harvested crop (i.e. 
roots and shoots) from successive growing seasons. With the exception of the surface layer 
(mineral topsoil) N was insufficient for seedling growth and consequently severe stunting 
or seedling mortality ensued. Similarly, available P was severely deficient in all subsurface 
layers. In an associated study Knight and Will (1970) concluded that almost all of the P 
available for uptake was present in the topsoil (surface layer). Available P and Mg in the 
Taupo Tephra layers were very low but contained good supplies of available K, all inherent 
properties of the mineralogical composition of the Taupo Tephra. For the buried soil layers 
P was present in higher quantities but unavailable due to complexing with allophane. 
Concentrations and total uptake of Mg and Ca were similar to the surface layer and 
significantly greater than the layers in Taupo Tephra. 
These studies identified two main factors influencing nutrient availability within the soil 
profile. Firstly, the nature of the sediments, which primarily through their mineral 
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composition determine the initial availability of nutrients and their availability over time. 
Secondly, weathering and pedogenic alteration, which can indirectly alter the availability of 
nutrients for uptake (e.g. the formation of allophane and its complexing with organic P). 
Based on these findings a similar glasshouse study was set up in this study to evaluate 
the ability of major soil horizons to supply nutrients for P. radiata growth and to 
investigate the variability of available nutrients vertically (within the soil profile) and 
laterally (spatially separated soil profiles). 
The trial is divided into two experiments and will be discussed in this manner. 
In the study by Will and Knight (1968) N was shown to be limiting for sub-surface soil 
layers, especially for soil horizons formed in Taupo Ignimbrite. That is, N levels in subsoil 
horizons were low and growth-limiting in the experiment. In the field, the ability of sub-
surface soil layers to supply N is assumed to be inconsequential because sufficient N is 
supplied to the tree by the A horizon. The assumption is made that in terms of the soil· 
profile (pedon in a 3-dimensional sense) the tree sources sufficient N for growth from the 
A horizon. For this reason N is not considered to be limiting tree growth and any growth 
limitations are the result of other nutrients deficiencies (e.g. P, Mg, K and B). This 
assumption is tested in Experiment 1. 
The results from Experiment 1 were used to justify the addition of N fertiliser to 
treatments in Experiment 2 to make N non-limiting and therefore test the phytoavailability 
of other nutrients (e.g. P, Mg, K and B). 
Experiment 2 also involved a comparison of dependent variables (final shoot height, 
shoot weight, and shoot nutrient content) with soil chemical data. Soil chemical data were 
numerous and relationships difficult to decipher. For this reason a factor analysis 
technique was adopted. The multivariate technique of principal component analysis (PCA) 
was used to reduce 18 soil chemical variables into a lesser number of factors, allowing a 
simplified interpretation of the relationship between the shoot variables and soil chemical 
data. 
7.1.1 Aim 
Using a pot trial, examine the availability and uptake of nutrients by P. radiata from 
different soil horizons from within U3 complex land system (defined in Chapter 4) situated 
on the southern Mamaku Plateau. 
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7.1.2 Hypotheses 
• The A horizon (topsoil) provides adequate available N for P. radiata growth as 
. reflected in seedling growth and foliage nutrients (Experiment 1). 
• Different soil horizons have different abilities to supply nutrients to P. radiata as 
reflected in seedling growth and foliage nutrients (Experiment 2). 
7.2 Methods 
7.2.1 Soil sampling 
A soil profile representative of soils on the flat land component was sampled within 
each of the three study windows (SW1, SW2 and SW3) described in Chapter 4 (see Figure 
4.1). Sample sites were positioned on the flat to reduce the likelihood of nutrient 
concentration or depletion due to translocation along a catenary gradient. It was accepted 
that due to the limited time and resources of this study sampling could not meet statistical 
requirements of the mean ± 10% with CI95%. A calculation of the required number of 
samples based on the A horizon (the most variable horizon in terms of thickness) suggested 
160 replicates would be required. It was therefore decided that the sampled soil profiles 
should be as similar as possible to the modal profile for the flat land component for the 
given study window and subsequently were selected predominantly on this basis. 
Sampling within the soil profile was carried out by horizon. A total of 19 soil horizons 
were sampled. Brief soil profile descriptions including regolith, soil horizon, horizon 
thickness, horizon colour (Munsell, 1992), soil texture and soil strength were recorded. 
7.2.2 Soil preparation and analysis 
All soil was thoroughly mixed and roots and other coarse plant materials were removed. 
A subsample of each soil was retained for soil chemical analysis. These samples were air-
dried and sieved «2 mm) and the fine fraction used for the soil chemical analyses. 
Soil chemical analyses were selected to indicate the nutrient status within and between 
the three soil profiles samples. Methods used for all analyses except exchangeable cations 
followed the methods described by Blakemore et al. (1987). Exchangeable cations (K, 
Mg, Ca and Na) were determined by a resin extraction method (Nanayakkara, 1998). 
Analyses were carried out at the Forest Nutrition Laboratory, Forest Research, Rotorua. 
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7.2.3 Pot Trial 
7.2.3.1 Pot trial set up 
P. radiata seeds (GFI6) were genninated in a soil and perlite culture mix inoculated 
with mycorrhiza in June 1998 and grown in a glasshouse for 3 weeks. Seedlings were then 
planted out into trial pots in July 1998 at the rate of 2 or 1 seedlings per pot. 
The pot dimensions were 155 x 155 x 165 mm. Pots were filled to 20 mm below the 
top of the pot with equivalent unpacked volumes to give an approximate volume per pot of 
0.035 m3. Drainage holes were drilled in the base of all the pots. A fine wire mesh was 
placed in the base of pots to prevent soil loss though the drainage holes. Pots were set up 
on wooden slat tables to allow for free draining. The soil-filled pots were left to stabilise 
for two weeks prior to the planting of seedlings. This reduced the likelihood of abnormal 
seedling growth caused by nutrient flushing at the early stages of the trial. The seedlings 
were then planted. Initial seedling height measurements were recorded and the trial 
commenced. 
7.2.3.2 Treatments 
The trial consisted of a split design comprising two experiments as discussed previously 
in this chapter. Experiment 1 evaluated the ability of the A horizon to provide sufficient 
available nitrogen for tree growth on the soil profile as a whole. This was used to justify 
the addition of N fertiliser to the second experiment making N non-limiting and therefore 
test the phytoavailability of other nutrients (e.g. P, Mg, K and B) and the relationships with 
soil chemical variables. 
Experiment 2 used the 19 sampled soil horizons from the three sampled profiles. All 
were treated with a single application of 1.3 g of slow release N (three month slow release 
urea), the rate being equivalent to 200 kg N ha- l and that recommended by Forest Research 
for P. radiata forests in New Zealand, and sufficient for five years forest growth. The form 
of N (urea) was used because it is converted to ammonium/nitrate by the soils bacteria and 
should reflect natural soil N composition on breakdown. Slow release N was selected to 
minimise the risk of of pulse loss in the case of inadvertent over-watering and leaching 
loss. The amount of N required by the seedling was also estimated. Based on a final plant 
N concentration of 1.5% and a final shoot dry weight of 10 g (T. Payn Pers. Comm. 1998) 
the amount of N required by a seedling was calculated at 0.15 g. Therefore, the 1.3 g N 
applied is far in excess of seedling requirements and should have ensured adequate N 
availability throughout the experiment. Shoot growth curves for AON and A+N treatments 
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were also examined after each measurement to check for convergence (indicating N was 
limiting growth). 
A perlite culture was regularly flushed with a full nutrient solution (Table 7.1) 
considered optimal for forest trees (Ingestad, 1971), to maintain an adequate supply of all 
elements throughout the experiment. This treatment provided an estimate of the maximum 
growth conditions in the glasshouse. This is referred to in the study as the "full" treatment. 
Table 7.1. Concentration of nutrients in the full nutrient solution used in the full treatment (Ingestad, 1971) 
Element Mg 
Concentration 2 
(mgL' I ) 
N K 
100 20 
P 
13 
S 
9 
Ca Fe Mn B Cu Cl Zn Mo Na 
7 0.7 0.4 0.2 0.Q3 0.03 0.03 0.006 0.003 
All treatments were irrigated for 30 minutes to one hour per day twice weekly to 
maintain a non-limiting soil moisture condition. Irrigation was more frequent and lengthy 
during summer months. Pots containing Bh soil horizons were prone to drying and trays' 
were placed under these pots to help maintain soil moisture. Over-watering was avoided to 
reduce the possibility of leaching N and other elements from the soil. 
7.2.3.3 Trial layout 
Four replicates of each treatment were used to give a total of 96 pots. 
Two seedlings per pot were used in replicates 1, 2 and 3 to provide sufficient biomass 
for harvesting and nutrient analysis and also as a safeguard against mortality. Due to a 
limited number of seedlings only one seedling per pot was used in replicate 4. 
The replicate pots for each treatment were set up in four blocks. The randomised block 
design was used to ensure minimal bias with respect to glasshouse growing conditions (e.g. 
light, temperature and watering variations). 
7.2.3.4 Trial measurements and analyses 
All soil horizons were analysed for pH, organic C, total N, Sequential Bray P, P 
retention and resin cations (K, Mg, Ca and Na) on subsamples from the bulk soil. 
The shoot parameters used in the analysis are average shoot dry weight per pot (shoot 
dry weight), average final shoot height per pot (shoot height), shoot nutrient concentration 
and shoot nutrient content (nutrient concentration corrected for shoot dry weight). Shoot 
nutrient concentration is used for the correlation analysis because it provides a clearer 
comparison between shoot nutrients than shoot nutrient content, for which the inclusion of 
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shoot dry weight in the calculation masks the comparative differences between shoot 
nutrients. For all other analysis and results, shoot nutrients are presented as shoot nutrient 
content because it provides a better representation of the amount of nutrient uptake by the 
seedling. 
Heights were measured seven times during the trial. At the completion of the growing 
. period the above ground biomass was harvested. Final heights and dry weights were 
measured. Analyses for P, Mg, K, and B in the shoot were carried out on the ICP-OES 
(inductively coupled plasma-optical emission spectrometer) at the Forest Nutrition 
Laboratory, Forest Research, Rotorua. Shoot N was analysed using the Leco CNS 
Analyser at the Soil Analytical Laboratory, Lincoln University. The total nutrient content 
of the shoot was calculated using the harvest data. Shoot concentrations were corrected for 
weight using Equation 1. 
(Foliar nutrient concentration (%) / 100) x dry weight of shoot (g) 
= shoot nutrient content (g) 
7.2.4 Data analysis 
7.2.4.1 Experiment 1 : testing the N supply for A horizons 
(Eqn. 1) 
The A horizon with no N added (AON) and A horizon with N added (A+N) for each of 
the study windows were used. Heights were plotted against time (days) for each treatment. 
Data were subjected to analysis of variance (ANOY A) using the SAS computer program 
(SAS Institute, 1985). The effects of treatment on shoot N, final shoot height and dry 
weight of shoot were tested for the above treatments. 
7.2.4.2 Experiment 2: shoot variables for the different soil horizons 
All treatments were used in experiment 2 with the exception of the AON treatments. 
Heights were plotted against time (days) for treatment grouped by study window. Data 
were subjected to analysis of variance (ANOY A) using the GLM procedure in the SAS 
computer program (SAS Institute, 1985). Final shoot height, shoot dry weight and shoot N, 
P, Mg, K and B were assessed for each treatment. 
Soil chemical data were subjected to Principal Component Analysis (PCA) using the 
SPSS computer software (Norusis and Inc., 1994b). A multiple linear regression analysis 
was used to investigate the relationships identified as significant in the simple correlation 
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analysis. The regression procedure in the SPSS computer program (Norusis and Inc., 
1994a) was used. 
7.3 Results and discussion 
The concentration of nutrients in plant foliage reflects the phytoavailability of a given 
nutrient in the soil. The results presented assess the availability of nutrients within the 
major soil horizons comprising the tree-rooting zone for three soil profiles. 
Since the completion of this experiment concerns have been raised about the amount 
and form of N available for seedling uptake, and the effect N availability may have had on 
the balance of nutrient cations/anions taken up by the seedling in this pot trial. Three main 
points arose from these concerns: 
1. The correct form of nitrogen (i.e. ammonium-N versus nitrate-N) should be applied 
to ensure seedling growth is not limited. The form of N supplied should also reflect 
the supply of N available in the A horizon. 
2. The rate of application should ensure that N is' not limiting growth throughout the 
duration of the pot trial. It is possible that the amount of N applied to treatments was 
not sufficient to prevent N becoming limiting towards the end of the pot trial. 
3. The form of N should be consistent throughout the pot trial. The form of N used in 
the "full treatment" nutrient solution and the N applied to the remaining treatments 
was not the same (~03 in the "full treatment" and urea in the other treatments). 
7.3.1 Soil descriptions 
Soil profiles in all study windows are formed in Taupo Ignimbrite (Tpi) overlying 
yellowish-brown beds (Y-Bb) as described in Chapters 3 and 4. These overlie Mamaku 
Ignimbrite bedrock. A change in soil morphology and the sequence of soil horizons 
between soil profiles indicates a leaching gradient increasing in intensity from SWI to 
SW2to SW3. 
The soil profile for SWI (described in Table 7.2) is of the Taupo series (using the 
defining criteria in Chapter 3), and is classified as an Immature Orthic Pumice Soil 
(Hewitt, 1993b). All soil horizons were sampled with the exception of the 2C. 
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Table 7.2. SWI soil profile description 
Horizon Depth (cm) Regolith Description 
Ah 0-14 Tpi Black fine sandy loam with very weak strength 
Bw 14-51 Tpi Yellowish brown sandy loam with weak strength 
BC 51-75 Tpi Yellowish olive brown loamy sand with very weak 
strength 
2C 75-83 Unnamed Dark yellowish brown sandy loam with very weak 
tephra? strength 
3bBwl 83-112 Y-Bb Dark yellowish brown silt loam with slightly firm 
strength 
3bBw2 112-157 Y-Bb Yellowish brown fine silt loam with weak strength 
R 157+ Mamaku Ignimbrite 
Tpi=Taupo Ignimbrite, Y-Bb=yellowish brown beds 
The SW2 soil profile (described in Table 7.3) is of the Tihoi series and is characterised 
by podzolic soil morphology (presence of E and Bh horizons) and is classified as a Humose 
Orthic Podzol (Hewitt, 1993b). 
Table 7.3. SW2 soil profile description 
Horizon Depth (cm) Regolith Description 
AlC +25-0 Mixed Very dark greyish brown sandy loam with very weak 
strength. Abundant coarse fragments. 
Ah 0-6 Tpi Dark yellowish brown sandy loam with weak strength 
E 6-12 Tpi Greyish brown loamy sand with very weak strength 
Bh 12-19 Tpi Very dark brown fine sandy loam with weak strength 
Bw 19-49 Tpi Dark yellowish brown sandy loam with very weak 
strength 
BC 49-66 Tpi Yellowish olive brown loamy sand with very weak 
strength 
2bBwl 66-87 Y-Bb Darkish yellowish brown silt loam with slightly firm 
strength 
2bBw2 87-122 Y-Bb Yellowish brown silt loam with slightly firm strength 
R 122+ Mamaku Ignimbrite 
Tpi=Taupo Ignimbrite, Y -Bb=yellowish brown beds 
All soil horizons were sampled with the exception of the AlC horizon. This horizon is 
the result of site disturbance and consists predominantly of Mamaku Ignimbrite fragments 
with a minimal amount of fine soil matrix. It is described as an AlC horizon in the absence 
of any other suitable horizon nomenclature and is not considered part of the soil profile. 
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The soil profile sampled in SW3 is of the Tihoi series, similar to the soil described in 
SW2 but with a thicker E and Bh horizons (Table 7.4). It is classified as a Humose Orthic 
Podzol (Hewitt, 1993b). All horizons were sampled with the exception of the 2C horizon. 
Table 7.4. SW3 soil profile description 
Horizon Depth (cm) Regolith Description 
Ah 0-7 Tpi Black fine sandy loam with very weak strength 
E 7-17 Tpi Dark yellowish brown sandy loam with weak strength 
Bh 17-27 Tpi Yellowish brown sandy loam with weak strength 
Bw 27-35 Tpi Yellowish olive brown loamy sand with very weak 
strength 
Be 35-46 Tpi Yellowish olive brown loamy sand with very weak 
strength 
2C 46-50 Unnamed Grey sand 
tephra? 
3bBwi 50-74 Y-Bb Dark brown silt loam with very weak strength 
3bBw2 74-143 Y-Bb Darkish yellowish brown silt loam with slightly firm 
strength 
R 143+ Mamaku Ignimbrite 
Tpi=Taupo Ignimbrite, Y-Bb=yellowish brown beds 
The 2C horizon described in the SWI and SW3 soil profiles is of unknown origin, 
possibly an andesitic or rhyolitic tephra (see discussion in Chapter 4). This horizon was 
not included in the pot trial because of its position low in the soil profile, and its variability 
in thickness and distribution within U3. 
7.3.2 Experiment 1,' testing the N supply for A horizons 
7.3.2.1 Shoot growth curves 
Growth curves for the AON and A+N treatments for each of the study windows are 
presented in Figure 7.1. All curves increase with time and the curve shapes for each 
treatment within a study window are similar. 
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Figure 7.1. Shoot growth curves (mean shoot height) for A+N and AON treatments in SWl, SW2 and SW3. 
7.3.2.2 Comparison of shoot variables 
An analysis of variance for the two treatments showed no significant differences for dry 
shoot weight, final shoot height. Shoot N content for the A+N treatment was significantly 
higher (p<0.05) than the AON treatment (Table 7.5). 
Table 7.5. Treatment means for shoot growth variables and shoot N content 
Variable Treatment 
AON A+N 
Shoot dry weight (g) 15.7 19.1 ns 
Final shoot height (mm) 412 457 ns 
Shoot N content (g) 0.195 b 0.235 a * 
1 Pr>F indicates significance using a F-test; ns=not significant, *=p<0.05 
Using the interpretation of critical concentrations for tree growth (Will, 1985) the shoot 
N content for both treatment means is marginal. The absence of significant differences in 
the means for shoot dry weight and shoot final height between treatments supports the 
hypothesis that N is not limiting growth in the A horizons. There is a significant increase 
in N uptake following addition of N to the A horizon, but the significance was slight 
(p=O.043) and there are no resulting significant differences in shoot growth variables. 
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Because the A horizon is the main source of N for uptake by the tree, adequate N in the A 
horizon implies adequate N for the soil profile, and that an absence of N in the subsoil 
horizons is inconsequential in terms of tree growth. For the purposes of investigating the 
availability of P, Mg, K and B the addition of N to the sub-soil horizons in Experiment 2 is 
justified. 
7.3.3 Experiment 2: shoot variables for different soil horizons 
Results are presented by horizon for each study window. Within study windows 
comparisons are made between sampled horizons. All comparisons included the full 
treatment. 
7.3.3.1 Shoot growth curves 
Seedling height increased for all horizons and the full treatment over the duration of the 
experiment with the exception of the Be horizon in SWl, which had minimal growth after 
200 days (Figure 7.2). This implied nutrients available for seedling growth had not been 
fully exhausted at the cessation of the experiment. For the Be horizon, growth was 
significantly limited by one or more nutrients. The final height for the full treatment was 
greater than all horizons, indicating that shoot height was limited by nutrient availability 
for all horizons. 
The A horizon in all study windows showed a steady growth rate similar to that of the 
high nutrient treatment but with a lower final height. The E and Bh horizons for SW2 and 
SW3 had the next highest growth, greater in SW2 for both horizons. For the Bw and Be 
horizons formed in Taupo Ignimbrite seedling growth rate decreased after 200 days. In 
SWI seedling growth was greater in the Bw and Be horizons than that for the two Bw 
horizons formed in yellowish-brown beds (Y-Bb), but in SW2 and SW3 the growth rates 
were similar for these horizons. For these horizons the height increment remained constant 
throughout the duration of the experiment but the total heights were lower than for all other 
horizons, indicating the total available nutrients were initially lower. 
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Figure 7.2. Shoot growth curves for each treatment (soil horizon), (a) SWI soil profile, (b) SW2 soil profile, 
(c) SW3 soil profile. 
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7.3.4 Shoot growth and nutrient content 
7.3.4.1 Comparison between soil horizons 
There were significant differences (p<O.OOl) for all shoot variables between the soil 
horizons for all study windows (Table 7.6). 
Table 7.6. Shoot variable means for full treatment and soil horizons 
Soil horizon Pr>F1 
Full Ah E Bh Bw Be 2bBwl 2bBw2 
DW(g) 28.5 a2 19.1 b 14.8 c 8.3 d 1.7 e 2.9 e 1.9 e 1.5e *** 
HT(mm) 534a 456 a 352 b 320b 158 c 170c 151 c 147 c *** 
N (g) 0.161 bc 0.235 a 0.217 ab 0.125 c 0.024 d 0.034 d 0.030d 0.026 d *** 
P (g) 0.017 a 0.019 a 0.012 b 0.007 c 0.001 d 0.001 d 0.001 d 0.001 d *** 
Mg(g) 0.030 a 0.017 b 0.013 b 0.007 c 0.001 d 0.002 cd 0.001 d 0.001 d *** 
K (g) 0.086 ab 0.085 a 0.067 bc 0.059 c 0.017 d 0.024 d 0.017 d 0.013 d *** 
B (mgkg-I) 4.22 a 2.63 b 1.91c 1.21 d 0.34e 0.57 e 0.34e 0.27 e *** 
I Pr>F indicates significance using a F-test; ***=p<O.OOl 
2 mean, means with the same letter are not significantly different (p<0.05) 
Shoot growth and nutrient uptake were highest for horizons from the upper soil profile 
(A, E and Bh). The A horizon had significantly higher shoot growth and nutrient uptake 
than all horizons below the E horizon. There were no significant differences in shoot 
growth and nutrient uptake between the B horizons fonned in the Taupo Ignimbrite and the 
yellowish-brown beds. These horizons were consistently associated with low growth and 
low nutrient uptake. The uptake of Mg in these buried B horizons did not increase, as 
observed by Will and Knight (1968) in similar layers. 
Shoot N was higher in the A horizon than the full treatment suggesting the nutrient 
solution used in the full treatment was not supplying the optimal amount of N for uptake by 
the seedlings in this experiment. 
7.3.4.2 Correlation between shoot variables 
An initial correlation between shoot growth variables and shoot nutrient contents 
showed a strong positive associations (>0.84) between shoot nutrient content, shoot dry 
weight and shoot height. However, these associations were misleading because the shoot 
nutrient content is calculated using shoot dry weight and therefore all nutrient contents will 
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be positively correlated with shoot dry weight. A more meaningful correlation is achieved 
using shoot nutrient concentrations (Table 7.7). 
Table 7.7. Correlation matrix of shoot dry weight (DW), final shoot height (HT), and foliar nutrient 
concentrations 
DW(g) HT (mm) N(%) P(%) Mg(%) K(%) B (mgkil) 
DW(g) 1.000 
0.000 
HT(mm) 0.890 1.000 
*** 0.000 
N(%) -0.535 -0.507 1.000 
*** *** 0.000 
P(%) 0.450 0.637 -0.019 1.000 
*** *** ns 0.000 
Mg(%) 0.610 0.587 -0.357 0.323 1.000 
*** *** *** ** 0.000 
K(%) -0.683 -0.549 0.344 -0.117 -0.186 1.000 
*** *** ** ns ns 0.000 
B (mg kg-I) 
-0.508 -0.518 0.259 -0.347 -0.306 0.403 1.000 
*** *** * ** ** *** 0.000 
Shoot dry weight and height are strongly correlated with all nutrient concentrations. 
Shoot N, K and B show a negative association with shoot growth variables. This 
association represents a dilution in the concentration of these nutrients as growth increases. 
Conversely the increase in shoot P and Mg concentration with increased shoot growth 
suggests that growth is strongly associated with the availability of P and Mg. When the 
availability of one or both of these nutrients is lower than required for seedling growth they 
are considered to be growth limiting. The lower shoot growth variables observed in Table 
7.6 are attributed to the low availability of P and Mg as indicated by low shoot P and Mg 
content for horizons with low shoot dry weight and height. These results are in agreement 
with the P and Mg deficiencies observed by Will and Knight (1968). 
7.3.5 Soil-shoot relationships 
Principal component analysis (PCA) was applied to provide an understanding of the 
main soil chemical factors driving the changes in plant nutrition and plant growth. This 
technique has proved to be useful in previous soil research (Webster and Oliver, 1990). A 
simplification of the soil chemical analyses by classification into a smaller number of 
groups helps identify these main factors. Interpretation by individual assessment of the 18 
soil chemical variables given in Table 7.8 would otherwise prove difficult. 
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Table 7.8. Soil chemical properties for sampled horizons of the three soil profiles within U3 
Study Cover- Horizon Depth pH Pretn. 
window bed 
SWI 
SW2 
SW3 
regolith· 
cm 
Tpi Ah 0-14 4.1 
Tpi Bw 14-51 5.7 
Tpi BC 51-75 5.8 
Y-Bb 3bBwi 83-112 5.8 
Y-Bb 3bBw2 112-157 5.7 
Tpi Ah 0-6 4.0 
Tpi E 6-12 4.7 
Tpi Bh 12-19 4.7 
Tpi Bw 19-49 5.2 
Tpi BC 49-66 5.7 
Y-Bb 2bBwi 66-87 5.1 
Y-Bb 2bBw2 87-122 5.2 
Tpi 
Tpi 
Tpi 
Tpi 
Tpi 
Ah 
E 
Bh 
Bw 
BC 
0-7 
7-17 
17-27 
27-35 
35-46 
4.7 
4.9 
4.9 
5.2 
5.6 
Y-Bb 3bBwi 50-74 5.8 
Y-Bb 3bBw2 74-143 6.0 
Tpi=Taupo Ignimbrite, Y-Bb=yellowish-brown beds 
% 
50 
47 
24 
91 
89 
22 
16 
57 
43 
23 
93 
84 
40 
9 
52 
66 
57 
83 
91 
Oxalate extractable 
Fe Al Si 
------------%-----------
0.31 
0.14 
0.12 
0.81 
0.71 
0.13 
0.08 
0.51 
0.12 
0.11 
0.16 
0.49 
0.2 
0.04 
0.48 
0.19 
0.19 
0.76 
0.51 
0.61 
0.81 
0.42 
3.05 
2.99 
0.2 
0.14 
0.67 
0.76 
0.39 
2.56 
3.15 
0.5 
0.06 
0.46 
1.01 
0.93 
2.27 
3.25 
0.Q7 
0.4 
0.21 
1.4 
1.56 
om 
0.08 
0.08 
0.31 
0.21 
1.07 
1.62 
0.16 
0.02 
0.05 
0.35 
0.32 
0.93 
1.56 
Pyrophosphate extractable 
Fe Al Si 
-----------%-----------
0.28 
0.02 
0.01 
0.08 
0.03 
0.11 
0.07 
0.35 
0.02 
0.01 
0.47 
0.06 
0.16 
0.04 
0.38 
0.14 
0.11 
0.39 
0.04 
0.57 
0.14 
0.08 
0.31 
0.27 
0.18 
0.12 
0.57 
0.17 
0.08 
0.59 
0.35 
0.44 
0.Q7 
0.49 
0.49 
0.35 
0.54 
0.29 
0.Q7 
0.08 
0.Q7 
0.06 
0.05 
0.17 
0.12 
0.11 
0.09 
0.09 
0.06 
0.06 
0.11 
0.09 
0.09 
0.08 
0.Q7 
0.06 
0.05 
Total C Total N CIN Bray P-l Bray P-3 
% 
9.43 
0.63 
0.25 
2.71 
2.15 
13.36 
5.85 
9.13 
0.94 
0.4 
4.92 
2.54 
14.5 
2.39 
5.87 
2.76 
2.25 
4.27 
2.9 
% 
0.487 
0.046 
0.016 
0.159 
0.124 
0.603 
0.273 
0.383 
0.077 
0.021 
0.152 
0.161 
0.752 
0.164 
0.301 
0.117 
0.093 
0.194 
0.149 
19 
14 
16 
17 
17 
22 
21 
24 
12 
19 
32 
16 
19 
15 
20 
24 
24 
22 
19 
mg kg·1 mg kg·1 
17 
5 
26 
2 
o 
60 
12 
10 
10 
22 
3 
2 
25 
5 
9 
2 
3 
6 
6 
7 
3 
2 
11 
4 
4 
8 
10 
2 
2 
11 
3 
8 
8 
5 
3 
Resin cations 
K Mg Ca Na 
________________ cmole kg ·1--------------
0.19 
0.39 
0.55 
0.22 
0.06 
0.33 
0.14 
0.26 
0.42 
0.87 
0.08 
0.33 
0.35 
0.22 
0.38 
0.76 
0.99 
0.33 
0.11 
0.13 
0.02 
0.02 
0.02 
0.02 
0.38 
0.17 
0.14 
0.04 
0.08 
0.06 
0.03 
0.79 
0.17 
0.25 
0.10 
0.10 
0.15 
0.12 
0.52 
om 
0.00 
0.15 
0.13 
3.12 
1.28 
1.22 
0.08 
0.14 
0.16 
0.03 
10.16 
2.37 
2.87 
1.21 
1.28 
2.50 
1.71 
0.06 
0.23 
0.27 
0.Q7 
0.00 
0.08 
0.13 
0.14 
0.19 
0.23 
0.00 
0.00 
0.09 
0.08 
0.17 
0.19 
0.13 
0.05 
0.04 
K/Mg 
1.5 
25.8 
27.5 
10.2 
3.0 
0.9 
0.8 
1.8 
10.1 
10.7 
1.4 
9.3 
0.4 
1.3 
1.5 
7.7 
9.6 
2.2 
0.9 
7.3.5.1 Classification and ordination of soil chemical data 
The main objective was to classify the soil chemical attributes into a smaller and more 
manageable number of "components" for comparison with growth parameters (height and 
weight) and shoot nutrient concentrations. Principal Component Analysis (PCA) was the 
method selected for this. The analysis essentially combines variables to produce factors 
(principal components) that account for a certain amount of variance, the amount 
progressively decreasing with successive factors. The extracted factors are not correlated 
and therefore the variables contributing to the particular factors are seen to have different 
influences on the parameter in question. This is then assessed using correlation and 
multiple linear regression analysis. 
·7.3.5.2 Factor extraction 
The number of the factors extracted is important and only those factors that account for 
variances greater than one (eigenvalue ~ 1) should be considered (Sharma, 1996). Four· 
factors are shown to have an eigenvalue of one or more (Table 7.9), and in combination 
they account for 85.0% of the total variance. 
Table 7.9. The final statistics of Principal Component Analysis for the 18 soil chemical variables 
Factor Eigenvalue Variance (%) Cumulative variance (%) 
1 6.9194 38.4 38.4 
2 5.1604 28.7 67.1 
3 1.8333 10.2 77.3 
4 1.3864 7.7 85.0 
5 0.8226 4.6 89.6 
6 0.6627 3.7 93.2 
7 0.3988 2.2 95.5 
8 0.3512 2 97.4 
9 0.1631 0.9 98.3 
10 0.1328 0.7 99.1 
11 0.0883 0.5 99.5 
12 0.0493 0.3 99.8 
13 0.0135 0.1 99.9 
14 0.0092 0.1 99.9 
15 0.0070 0 100 
16 0.0019 0 100 
17 0.0001 0 100 
18 0.0001 0 100 
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7.3.5.3 Classification of soil chemical variables 
Classification of the soil chemical variables is based on their factor loading following 
the transfonnation of factors using V ARIMAX rotation (Norusis and Inc., 1994b) and 
regrouping of factors according to their relative factor loading (Table 7.10). 
Table 7.10. Factor matrix after V ARIMAX rotation of the measured soil chemical variables (arranged by 
highest factor score in descending order) 
Group Variable Factor 1 Factor 2 Factor 3 Factor 4 Communality 
Factor 1 Oxalate-AI 0.9150 -0.1723 0.0283 -0.2528 0.9316 
Oxalate-Si 0.8974 -0.1905 -0.1155 -0.2527 0.9188 
Pretention 0.8838 -0.1424 0.3432 -0.1285 0.9357 
Oxalate-Fe 0.7747 0.0260 0.1404 -0.2440 0.6801 
Pyrophosphate-Si' -0.7454 0.5094 -0.0462 -0.0691 0.8220 
pH 0.6448 -0.4467 -0.2999 0.4294 0.8897 
BrayP-1 -0.5916 0.5407 -0.1668 0.0543 0.6732 
Factor 2 Exchangable Mg -0.1797 0.9431 0.0737 0.0247 0.9278 
Exchangable Ca -0.0326 0.9091 0.0585 0.0777 0.8370 
Total N -0.2327 0.8740 0.2331 -0.2915 0.9573 
Total C -0.2605 0.8324 0.3452 -0.2818 0.9593 
Factor 3 Pyrophosphate-Fe 0.0400 0.0955 0.9154 -0.1730 0.8786 
Pyrophosphate-AI 0.3312 0.1949 0.8692 -0.0811 0.9096 
CIN ratio -0.0085 0.0586 0.8546 0.0224 0.7344 
Factor 4 Exchangable K -0.1978 -0.0879 0.0123 0.8896 0.8385 
Exchangable Na -0.5233 -0.2228 -0.2212 0.6828 0.8386 
BrayP-3 -0.3995 0.4988 -0.0653 0.6671 0.8577 
KlMgratio -0.0418 -0.4378 -0.4465 0.5630 0.7097 
The factor loading for each of the variables represents the statistical relative similarity in 
the correlation matrix, with the explained total variance for each contributing variable 
(communality) also included. 
7.3.5.4 Interpretation of factors 
Factor 1 accounts for 38.4% of the total variance and has a positive association with 
oxalate-AI, oxalate-Si, P retention and Bray P-l. These variables reflect the amount of 
available P in the soil. As allophane increases so to does P retention. The available P 
(Bray P-l) is negatively associated with Factor 1 suggesting P availability declines when 
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other the variables reflecting P retention capacity increase. This factor is described as the 
"P sorption effect". 
Factor 2 accounts for 28.7% of the total variance. Exchangeable Mg, exchangeable Ca, 
total N and total C constitute this factor. All variables have a strong positive association 
with Factor 2. The variables with Mg and Ca are interpreted as being analogous with a 
measure of the sum of cations because of their positive association with total N and total C 
i.e. an increase in all for these variables suggests an overall increase in the nutrient status of 
the soil. Factor 2 is therefore described as the "nutrient availability effect" . 
Factor 3 explains 10.2% of the total variance in the factor analysis. The factor has a 
strong positive association with the three variables (pyrophosphate-Fe, pyrophosphate-AI 
and C/N ratio) from which it is derived. Pyrophosphate-Fe and pyrophosphate-AI indicate 
the presence of organically complexed Fe and Al which arises as a result of increasing 
podzolisation processes in the soil (Blakemore et al., 1987). Podzolisation is indicated by 
an E horizon (eluvial horizon) overlying a Bh or Bs horizon (illuvial horizon), as described 
in the SW2 and SW3 soil profiles in this study. The Bh and Bs horizons have a higher 
proportion of complexed Fe and Al relative to adjacent horizons. The positive C/N ratio is 
more difficult to explain because the data (see Table 7.8) do not support an increasing C/N 
ratio under more acidic soil conditions and mor litter formation in SW2 and SW3. Factor 3 
is best described as a "podzolisation effect"; with an increase in Factor 3 indicating greater 
podzolisation. 
Factor 4 is derived from exchangeable K, exchangeable Na and K/Mg ratio and accounts 
for 7.7% of the total variance. All three variables have a positive association with Factor 4. 
Deficiency of Mg in plants was attributed to high exchangeable K in the soil by (Mulder, 
1950) and more recently for P. radiata by (Beets et al., 1993; Beets and Jokela, 1994; 
Slovik, 1997). The antagonism is represented by the ratio of exchangeable K to 
exchangeable Mg in the soil (K/Mg ratio). Ideally the K/Mg ratio should be low for 
uninhibited Mg uptake by trees. The incidence of Mg deficiency is high for soils formed in 
young rhyolitic tephras (such as the Taupo Ignimbrite in this study), which are felsic 
materials high in silica and K-bearing minerals and low in Mg-bearing minerals. The 
resulting K/Mg ratio is very high (up to 30 in this study, see table 7.13). Consequently, 
uptake of Mg by the tree is inhibited and foliar Mg deficiency results. The interpretation is 
that Factor 4 represents a "Mg inhibiting effect" most apparent for soil horizons formed in 
the Taupo Ignimbrite. 
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7.3.5.5 Relationship between extracted/actors and shoot variables 
Factor 1 (P sorption effect) shows a significant negative correlation for all shoot 
variables with the exception of foliar Mg with which the association is negative but weak. 
This indicates that a reduction in P availability reduces uptake of N, Mg, K and B by the 
seedling. A stronger association exists between Factor 2 (nutrient availability effect) and 
shoot variables. An increase in shoot growth and nutrient uptake is significantly 
attributable to an increase in nutrient availability. Factor 3 (podzolisation effect) shows no 
significant relationships with the shoot variables and did not contribute to the explanation 
of variance for these variables. There was no significant correlation between Factor 4 (Mg 
inhibiting effect) and shoot variables, although a weak negative association suggested that 
as Mg was increasingly inhibited, shoot growth and the uptake of nutrients declined. A 
summary of the effects associated with extracted factors and their influence on shoot 
growth is presented in Table 7.11. 
Table 7.11. A summary of factor "effects", factor scores and shoot growth 
Factor Effect Association between shoot growth and factor score 
1 P sorption Shoot growth decreases as factor score increases 
2 Nutrient availability Shoot growth increases as factor score increases 
3 Podzolisation Shoot growth decreases as factor score increases 
4 Mg inhibiting Shoot growth decreases as factor score increases 
The relationships between the factor scores and shoot variables are identified using 
mUltiple regression analysis (Table 7.12). Factor 1, Factor 2 and Factor 4 all contributed to 
the variability within shoot variables, with the exception of Factor 4 which was not 
significant for Mg content. 
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Table 7.12. Multiple regression analysis between extracted factors and shoot variables 
DW(g) HT(rom} N (g) P (g) Mg (g) K (g) B (mgkg·I) 
Intercept 6.72 241.8 0.091 0.006 0.006 0.038 0.956 
Factor 1 -3.57 *** -71.4 *** -0.046 *** -0.004 *** -0.003 *** -0.017 *** -0.513 *** 
Factor 2 5.94 *** 87.0 *** 0.071 *** 0.006 *** 0.006 *** 0.015 *** 0.611 *** 
Factor 3 -0.56 ns 7.4 ns -0.002 ns O.OOOns 0.000 ns 0.002 ns -0.064ns 
Factor 4 -1.69 * -36.8 ** -0.271 * -0.002 *** -0.001 ns -0.009 * -0.244 ** 
r2 0.89 0.89 0.85 0.97 0.83 0.79 0.91 
ns=not significant, *=p<0.05, **=p<O.Ol, ***=p<O.OOl 
The amount of variability for shoot dry weight, shoot height and shoot nutrient content 
explained by the factors was significant. The highest r2 was for shoot P content (i=O.97). 
The lowest (for shoot K content) was still highly significant with an r2 of 0.79. Factors 1 
and 2 (P sorption and nutrient availability) contributed significantly (p<O.OOI) to all shoot 
variables. The contributions by Factor 4 (Mg inhibition) were lower, except for shoot P, 
and varied between shoot variables. Factor 3 (podzolisation) did not provide any 
significant contribution in the analysis. The results indicate that shoot growth and the 
uptake of N, P, Mg, K and B are greatly dependent on nutrient status, P sorption and to a 
lesser degree the inhibiting of exchangeable Mg in the soil. Soil podzolisation processes 
do not significantly affect shoot growth or nutrient uptake. 
7.3.5.6 Relationship between/actor effects and shoot variables for soil horizons 
To determine the lateral and vertical variability of the effects associated with each 
factor, the factor scores for soil horizons were examined. Results are presented by pooled 
soil horizon (Figure 7.3). All factors were included to determine the dominant effect 
driving shoot growth for a particular soil horizon. 
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Figure 7.3. A comparison of extracted factors and shoot variables by soil horizon. 
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From the regression analysis, the relative influence of effects was seen to decrease from 
Factor 2 = Factor 1 > Factor 4 > Factor 3. The dominant influence of Factor 2 was also 
evident in Figure 7.3. When all factor scores are similar, shoot growth remains high 
therefore nutrient availability is adequate. Only when Factors 1, 3 and 4 are significantly 
greater than Factor 2 is shoot growth significantly affected. The factor with the highest 
factor score is interpreted to be the factor most influencing shoot growth for a given 
horizon. 
The influence of the P sorption effect (Factor 1) was most evident in the buried Bw 
horizons. These horizons have high P retention and consequently the availability of P is 
low, as are shoot growth variables. The nutrient availability effect represented by Factor 2 
was highest in the A horizon. Shoot growth was greater than for all other horizons. The 
Mg inhibiting effect (Factor 4) is most influential in terms of reducing shoot growth in the 
Bw and Be horizons formed in Taupo ignimbrite. 
It can be assumed from the results of the multiple regression analysis in Table 7.12, that 
most of the variance in shoot growth is explained by these four factors. The interaction 
between factor effects leading to the changes in shoot growth is compounding and 
interactive. This confounds any attempt to clearly disseminate the relative combined 
influences the effects may have in determining shoot growth for any given soil horizon. It 
can only be assumed that as a sub-dominant factor score increases so too does its influence. 
7.4 Conclusions 
In this study the variability in shoot growth and shoot nutrient uptake were primarily due 
to differences in regolith and pedogenic processes, acting within the soil profile (vertical 
variability). Only minor differences in shoot growth and shoot nutrient uptake attributed to 
pedogenic processes related to the leaching regime were observed across study windows 
(lateral variability). 
The A horizon provided the majority of nutrients and as a consequence shoot growth 
was higher than subsurface horizons. Significantly lower nutrient availability in the 
subsurface horizons limited shoot growth, although E and Bh horizons provided higher 
available nutrients than other subsoil horizons. 
The effects related to soil chemistry were identified and ranked in decreasing order of 
contribution to shoot growth and shoot nutrient uptake as nutrient availability, P sorption, 
Mg inhibition and podzolisation. The influence of effects differed between soil horizons. 
Nutrient availability was most important in the A and E horizons, podzolisation in the Bh 
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horizons, Mg inhibiting in the Bw and BC horizons of the Taupo ignimbrite, and P sorption 
in the buried Bw horizons in the yellowish-brown beds. 
The main differences in shoot growth and shoot nutrient uptake are related to the initial 
nutrient status of the regolith and the modification of nutrient availability through 
pedogenic processes such as leaching, clay formation and podzolisation. The Bw and BC 
soil horizons formed in Taupo Ignimbrite were low in available P and exchangeable Mg, 
and relatively high in exchangeable K. This was attributed to the mineralogy of this 
material and leaching of nutrients. Initially P and Mg were readily available and did not 
limit growth but were rapidly depleted and shoot growth became limited. Shoot growth in 
the buried Bw soil horizons in the yellowish-brown beds was limited by the availability of 
P (as indicated by low shoot P uptake), a result of high P retention in the presence of 
allophane. 
The effects of increased leaching and podzolisation across study windows were apparent 
in the soil morphology as the formation of E and Bh horizons became more apparent (SW1 
---7 SW2 ---7 SW3). However, the influence was identified in the factor analysis as 
contributing minimally to the variability in shoot growth. 
Of concern to forest managers is the low nutrient availability below the A horizon. The 
results show the importance of the A horizon as a source of phytoavailable nutrients in the 
soil. Preservation of the A horizon is therefore crucial to the sustainability of forest 
productivity. This can be most effectively achieved through the implementation of 
appropriate general forest management practices. 
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CHAPTER EIGHT 
Synthesis and summary. 
8.1 Introduction 
Kinleith Forest is a P. radiata-dominated plantation forest owned by Carter Holt Harvey 
Forests Limited covering 135 000 ha in the central North Island. A portion of Kinleith 
Forest situated on the southern Mamaku Plateau covering about 35 000 ha is used for this 
study. The southern Mamaku Plateau is located on the northern edge of the Taupo 
Volcanic Zone, east of Tokoroa. It rises from 200 mASL along its western margin to about 
700 mASL in the south-east. Rainfall ranges from 1400 mm yr-1 at low elevations and 
generally increases with elevation to 2400 mm yr-1• 
The aim of this study was to determine the spatial structure of soil variability and 
integrate an analysis of the growth, productivity and nutrient variables for P. radiata, to 
ascertain the optimum detail of soil information required for plantation forestry in part of 
Kinleith Forest, central North Island, New Zealand. 
8.2 Land systems, coverbed-regolith and soil distribution 
Objective 1 was to define land systems for the southern Mamaku Plateau based on a soil 
stratigraphic interpretation of the geomorphic history, landform and soil-landform 
relationships. 
The southern Mamaku Plateau consists of predominantly erosional bedrock surfaces cut 
into five Late Quaternary ignimbrites and mantled with aeolian coverbeds comprising loess 
and tephras. Four episodes of strath cutting and valley incision into the ignimbrite were 
recognised from the overlying sequence of coverbeds. The oldest surface underlies 3-7 m 
of coverbeds with pre-Rotoehu loess at the base. Older strath surfaces mantled by at least 
two loess units underlying the pre-Rotoehu loess, were present but their thickness 
characteristics and distribution remain undetermined. The variable stratigraphy and 
thickness of the loess units does suggest the presence of erosional unconformities between 
the Rotoehu Ash and the erosion surfaces in ignimbrite bedrock. The oldest ignimbrite 
bedrock surfaces, mantled with the most complete coverbeds, are preserved as hills 
throughout the southern Mamaku Plateau. 
An episode of valley incision occurred in the mid Mamaku terrain about the time of the 
emplacement of the Mangaone Subgroup tephras. Incision prevented the deposition of the 
Mangaone Subgroup tephras on the lower elevation land components (valleys, terraces and 
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ridges). These surfaces are mantled by 2-7 m of coverbeds with pre-Kawakawa loess at the 
base. Valley incision continued to migrate up into the bedrock surfaces on the upper 
Mamaku terrain. Incision and widespread erosion of these surfaces ceased prior to 
deposition of Rotorua Tephra (c. 13.1 ka), and now these surfaces are mantled by up to 2.5 
Pl of coverbeds consisting of yellowish-brown beds and Taupo Ignimbrite. Valley ponded 
Taupo Ignimbrite (c. 1850 yrs B.P.) with a thickness in excess of 3 m has infilled valleys at 
lower elevation; the surface of valley ponded Taupo Ignimbrite forms the valley floor. 
Nine land systems were defined and mapped on the basis of coverbed stratigraphy 
together with its soil stratigraphic interpretation, landforms, and soil-landform 
relationships. The soil pattern across land systems on the southern Mamaku Plateau 
reflects a long-range rainfall (leaching) gradient for which rainfall increases with elevation 
and to the north east, and a thinning of Taupo Ignimbrite to the north. Within land systems 
soil pattern is strongly controlled by variations in Taupo Ignimbrite thickness which itself 
is topographically controlled. 
A land system in the upper Mamaku terrain (D3) was selected for detailed description. 
Land systems provide an initial stratification of the soil-landscape and form a framework 
for forest management decisions involving the land resource. Detailed description of soil-
landscape relationships (specific soil-landscape models) within individual land systems is 
carried out where soil and site information is required at a finer resolution for the 
application of site specific forest management practices. The D3 land system was selected 
for detailed description (Objective 2) based on the reasons presented in Chapter 4. 
Throughout D3, consistent relationships between Taupo Ignimbrite thickness and 
component landforms occurred. However, a long-range (10's of kilometres) rainfall 
gradient caused an increase in leaching in the north-eastern part of D3 which manifested 
itself as an increase in the abundance of podzolised soil. This feature of the soil pattern 
required that D3 be defined as a complex land system comprising two simple land systems; 
the Mamaku land system to the north encompassed areas with a greater proportion of 
Podzols (Hewitt, 1993b), predominantly Mamaku and Tihoi series. In contrast, the 
Oruanui land system in the south had a greater proportion of Pumice and Allophanic Soils, 
predominantly Taupo and Ngakuru series. 
In Chapter 5 and 6 the nature and sources of forest foliar nutrient and productivity 
variability (Objective 3) were assessed in terms of spatial structure of variability and the 
effects driving plantation forest nutrition and productivity. 
201 
In the land systems approach the relationship between soils and vegetation is 
documented to describe any cause/effect association, for example Christian and Stewart, 
(1953) and Gibbons and Downes (1964). In the absence of native vegetation, where there 
is often a response in species composition to changing soil conditions, other indices of 
vegetation response to soil conditions are required. In the P. radiata monoculture of the 
study area,· foliar nutrient concentrations and productivity indices can be used as a 
surrogate for native vegetation pattern. The forest nutrient and productivity data from 
Chapters 5 and 6 respectively, are incorporated into the definition for the complex land 
system, U3, redefined in Chapter 4 (Table 8.1). Summaries of forest nutrient levels and 
productivity for all land systems are given in Table 8.2. 
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Table 8.1. Definition and description of the U3 complex land system 
Land system 
Simple land system Oruanui 
Elevation range (mASL) 480-600 
Est. rainfall (mm yr.!) 1600-1800 
Ignimbrite stratigraphy Middle and basal Mamaku Ignimbrite units 
Landform evolution stage Stage II 
Land components Hillock Ridge Rat 
Basal coverbed-regolith feature Rotorua Tephra Rotorua Tephra Rotorua Tephra 
Estimated coverbed thickness <2.5 <2.5 <2.5 
(m) 
Soils Toi, Oi, No, Tp, Toi, Mk, Oi, Tp, Tp, Oi, Toi 
(soil series represented) Na,Ha Na 
..... N 0 
~ ;>., ~ ~ P ~ "- >-. 
. .5 :-= u 
::I~ ~ 
Mg ~ .0 ·u ~8u::: ;.:::: S.g K o 0) ~ > 
~ B satisfactory / low 
Site index (m)! 
Basal area index (m2 ha·!l low moderate moderate 
Volume index (m3 ha·!)3 
'-----. ----- ----
Ha=Haupeehi, Mk=Mamaku, Na=Ngakuru, No=Ngongotaha, Oi=Oruanui, Toi=Tihoi, Tp=Taupo 
! low < 25, 25 :s; moderate < 30, high:S; 30 
2 low < 17, 17:S;moderate<21,high:S;21 
3 low < ISO, 150:S; moderate < 300, high:S; 300 
U3 
Mamaku 
480-6000 
1800-2000 
Middle and basal Mamaku Ignimbrite units 
Stage II 
Ravine Hillock Ridge Rat Ravine 
Rotorua Tephra Rotorua Tephra Rotorua Tephra Rotorua Tephra Rotorua Tephra 
<2.5 <2.5 <2.5 <2.5 <2.5 
Oi, Tp, Na Toi, Mk, Oi, No, Toi, Mk, Oi Toi,Oi Toi, Mk, Oi, Na 
Na 
marginal / low 
deficient / high 
marginal / high 
satisfactory / low 
marginal / moderate 
moderate 
low high moderate moderate moderate 
moderate 
tv 
o 
+>-
Table 8.2. Forest nutrient levels and productivity indices for land systems 
Forest variable and rating Ul 
iE N marginal 
:0 Imoderate 
o:s 
.g 
.... ;:... P deficient o..u 
:::::. s:: 
11) 11) 
;> ..... 
11) U 
::~ 
Mg ~"O 
..... '+-< 
.b 0 
;:j 
s:: 
.~ B Satisfactory 
"0 
~ I moderate 
0 Site index (m)l high 
:~ 
t) Basal area index moderate ;:j >< 
"'0 11) (m2 ha-1/ 0"0 
.... s:: 0.. ..... 
..... 
on 
11) Volume index moderate .... 0 (m3 ha-1)3 ~ 
1 low < 25, 25 ~ moderate < 30, high ~ 30 
2 low < 17, 17 ~ moderate < 21, high ~ 21 
3 low < 150, 150 ~ moderate < 300, high ~ 300 
U2 U3 Ml M2 M3 
no data marginal I moderate 
no data deficient deficient satisfactory marginal 
I low I moderate 
no data marginal marginal 
I moderate I low 
no data Satisfactory I moderate 
no data moderate moderate high no data 
no data moderate low low no data 
no data moderate moderate low no data 
M4 L1 L2 
no data marginal 
I moderate 
marginal no data marginal 
I no data I high 
marginal no data Satisfactory 
Ino data I low 
no data Satisfactory I 
I moderate 
I 
high moderate high 
low low moderate 
moderate low moderate 
The definition of U3 complex land system, based on detailed observations (Table 8.1), 
and the forest nutrient and productivity ratings for land systems presented in Table 8.2 and 
emphasize a number of important points associated with the use and interpretation of soil 
and site information at different spatial resolution: 
1. Existing data sets such as those used for the coarse scale analysis in Chapters 5 and 6 
are often incomplete and sample distributions may not be spatially consistent across 
the landscape. This is because the data were not collected according to a stratified 
design based on the soil-landscape. Consequently, there are limitations associated 
with using such data and interpretation of results may be unclear or meaningless; 
2. It has been shown that the structure of spatial variability is different for different soil 
variables. Therefore, a fixed scale resolution of soil pattern (i.e. a soil map) cannot 
represent soil variability effectively. The hierarchical nature of the land systems 
approach lends itself to a flexible and realistic representation of soil variability across 
a range of soil variables; 
Disaggregating coarser grain foliar nutrient level maps (Chapter 5) demonstrated the 
consequence of deriving finer scale information from coarser scale data. Foliar nutrient 
levels and probability of deficiency derived for U3 from disaggregation of forest nutrient 
maps (Hunter et al., 1991) were not consistent with results from aggregation of data 
collected at a fine (land component) scale. This emphasizes the requirement for realistic 
representation of soil and forest variables at a level of resolution at which their variability 
is spatially structured, and the use of soil and forest information at a resolution similar to 
the grainsize at which it is portrayed. 
Objective 4 was to determine the relationship between soil chemical properties and P. 
radiata nutrient and growth variables. A pot trial was set up to grow P radiata seedlings in 
soil horizons from representative soil profiles within U3. The relationship between 
measured shoot growth and nutrient uptake for P radiata seedlings, and soil chemical 
properties was determined using a factor analysis technique (principle component analysis). 
The results indicated that the observed variability in shoot growth and shoot nutrient 
uptake was primarily due to the initial nutrient status of the regolith strata and subsequent 
modification of nutrient availability through pedogenic processes such as leaching, clay 
formation and podzolisation. The A horizon provided the majority of nutrients and as a 
consequence shoot growth was higher than subsurface horizons. Significantly lower 
nutrient availability in the subsurface horizons generally limited shoot growth. 
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The factor analysis identified the soil chemistry-related effects contributing to shoot 
growth and shoot nutrient uptake. In order of importance they were nutrient availability 
(Factor 2), P sorption (Factor 1), Mg inhibition (Factor 4) and podzolisation (Factor 3). 
The influence of effects differed between soil horizons. The nutrient availability effect 
represented by Factor 2 was highest in the A horizon. The Mg inhibiting effect (Factor 4) 
was most influential in tenns of reducing shoot growth in the Bw and BC horizons fonned 
in Taupo Ignimbrite. The influence of the P sorption effect (Factor 1) was most evident in 
the buried Bwhorizons. Shoot growth in the buried Bw soil horizons in the yellowish-
brown beds was limited by the availability of P (as indicated by low shoot uptake), a result 
of high P retention in the presence of allophane. The effects of increased leaching and 
podzolisation across study windows were apparent in the soil morphology as the fonnation 
of E and Bh horizons (SW1 ~ SW2 ~ SW3). However, the influence of podzolisation 
(Factor 3) was identified in the factor analysis as contributing minimally to the variability 
in shoot growth and nutrient uptake. 
8.3 Soil information, forest nutrition and forest growth integrated: estimating forest 
productivity 
A nutrient availability index was developed to determine whether the relationships 
between soil chemical properties and P. radiata growth and nutrient variables, established 
in Chapter 7 (Objective 4), could be applied to predict the forest productivity observed over 
different land components in Chapter 6. 
The nutrient availability index (NAI) is a means of scaling up the productivity/soil 
horizon relationships established by the pot trial (Chapter 7) to land component scale by 
taking account of the horizon stratigraphy of soil across land components. In the pot trial, 
productivity was indicated by shoot dry weight gain (SDWG) and a regression equation 
was derived, based on the results of the factor analysis, to relate SDWG to soil nutrient 
factors (Equation 1). 
SDWG = [(-3.57 Factor 1) . (5.94 Factor 2) . (-1.69 Factor 4)] + 6.72 (C = 0.89) (Eqn. 1) 
Factor weights are taken directly from multiple regression coefficients given in Table 
7.12. Factor 3 was not included in Equation 1 because its contribution to determining 
shoot dry weight was not significant (Table 7.12). 
The NAI is calculated as a weighted sum of SDWG for depth increments to 1.5 m depth 
(Equation 2). SWDG for each increment is calculated (Equation 1) using factor scores 
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appropriate to the horizon that contains the increment. The weight applied to each 
increment was derived from a root distribution profile for P radiata in a Pumice Soil on the 
upper Mamaku terrain (Simcock et al., 1996). Weights are proportional to root abundance 
and sum to unity. In general, weight decreases with increasing depth (Figure 8.1) 
Where: 
n 
Nutrient availability index (NAI) = L Wi SWDGi 
i=l 
Wi = Weight for depth increment i. 
n = Total number of depth increments to soil depth of 1.5 m. 
SWDGi = Shoot dry weight gain calculated from Equation 1 for increment i. 
Weighting 
0.00 0.10 0.20 0.30 
Figure 8.1. Depth weighting increments (Wi) used in the calculation of NAI. 
(Eqn.2) 
NAI was calculated for a modal soil profile of land elements of a typical hillock and an 
adjacent flat in both Oruanui and Mamaku land systems (Figure 8.2). 
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Figure 8.2. Soil nutrienl scores for hillock and nat land components in the Oruanui and Mamaku land 
systems in U3 . 
NAI scores for land e lements of hillocks were aggregated by weighting according to the 
aerial propoltion occupied by each land element. No aggregation was necessary for the 
flat. NAI scores are presented in Table 8.3 alongside basal area index values measured 
from plots (see Chapter 6). 
Table 8.3. Soi l nutrient index scores and mean basal area index for hillock and nat land components in the 
Oruanui and Mamaku land systems 
Oruanui land system Mamaku land system 
Hillock 
Flat 
Soil nutrient index 
score 
190 
276 
Basal area index Soil nutrient index 
(m2 ha· l ) score 
16.7 e 220 
17.6 be 322 
Means with the same Ictter are not significantly different. 
Basal area index 
(m' h.·
'
) 
2J.J a 
18.6 b 
The thickness of the A hori zon has the greatest influence on NAL Because the A 
horizon is at the soi l surface it receives large weighting in the NAI calculation 
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(Figure 8.1, Eqn. 2). Furthermore, A horizons have the highest Factor 2 score (Figure 7.3) 
which makes the largest contribution to shoot dry weight gain (Eqn. 1). Horizons with the 
next greatest influence on SDWG are E and Bh horizons, which again are close to the soil 
surface and receive a high weighting. Although they only have, at best, moderate Factor 2 
scores, they do not have Factor 1 scores associated with the negative P sorption effect. 
The Bw and BC horizons formed in Taupo Ignimbrite and the buried Bw horizons 
formed in the yellowish-brown beds occur lower in the profile and will have a significantly 
lower depth increment weighting. Therefore, a change in their thickness is likely to have 
less of an influence on NAI score. Factor 4 was the dominant influence in horizons formed 
in Taupo Ignimbrite, and Factor 1 in the horizons formed in the yellowish-brown beds. 
Both of these factors have a negative relationship with SDWG. An increase in the 
thickness of Bw, BC and buried Bw horizons is likely to decrease NAI score, but their 
overall influence will be less due to their lower position in the soil profile. However, the 
depth increment weighting attributed these horizons would increase in the absence of E and 
Bh horizons, resulting in an increase in their relative effect on NAI (i.e. a reduced NAI 
score). 
NAI scores suggest flats are better sites than hillocks in both land systems, (primarily 
driven by thicker A horizons on the flats), yet in the Oruanui land system basal area index 
is not significantly different between hillocks and flats (see Table 8.3). In the Mamaku 
land system basal area index indicates the reverse. NAI scores suggest, if anything, flats in 
the Mamaku land system are better sites than flats in the Oruanui land system (driven by 
the presence of E and Bh horizons in the Mamaku land system). Here again basal area is 
not significantly different between the flats in the two land systems. Only between hillocks 
of the two land systems does the rank of NAI score (again driven by the presence of E and 
Bh horizons) mirror the rank of basal area index. 
Although the NAI was a simplistic estimation of forest productivity it suggests that the 
variability in basal area index measured in the field is not heavily influenced by soil 
nutrient variability and there are other factors driving forest productivity for U3. This is in 
agreement with the results and interpretations presented in Chapter 6 where the factors 
driving forest productivity within U3 were interpreted to be the rainfall regime and forest 
health. In essence the soil does vary across the landscape, but in terms of soil nutrient 
availability the "tree" views the soil as uniform. This does not suggest that soil nutrient 
status is not important or amelioration of observed deficiencies will not improve forest 
productivity. For instance, in U3 foliar P deficiency was recognised (Chapter 4). Foliar P 
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spatial variability was not structured within U3 using the land system stratification. It 
follows that the amelioration of foliar P deficiency is required but there is no gain to be 
made by mapping at a finer scale within U3. This is because foliar P deficiency is uniform 
over the whole area or varies at a scale finer than can be practically managed (see 
description for foliar P levels for U3 provided in Table 8.2). 
8.4 The effectiveness of the land systems approach 
The currently available soil map held by Carter Holt Harvey Forests Limited is at a scale 
of 1:100 000. The soil map units are numerous and their interpretation by forest managers 
has proved difficult. Soil boundaries are generally based on obvious landform boundaries 
or gradational changes based on observed long range gradients. The described soil pattern 
is the result of different effects operating at different scales across of th~ study area. 
Representation of these effects and the resulting soil pattern in a soil map of a fixed scale is 
difficult, and leads to the complex array of soil map units. Furthermore, the composition 
and variability of units is not explicit, hence the difficulty encountered by forest managers 
in interpreting and integrating the information into their current forest management 
planning and practices. 
The nine land systems described in this study provide an explicit delineation of the soil-
landscape, the coverbed-regolith, and soil pattern on the southern Mamaku Plateau. The 
land system approach used is considered to be superior to conventional soil survey and soil 
maps for the following reasons: 
1. Explicit presentation. Land systems, comprising their land components and land 
elements are constructs of recurring patterns of topography (physiographic units) that 
can recognised in the office by aerial photographic interpretation, and in the field by 
visual observation; 
2. Multi-scale application. The multi-scale (or scale independent) nature of the land 
systems approach can effectively provide soil and site information at a scale required 
for the application of forest management practices; 
3. Dynamic soil information framework. The land systems provide a framework to 
which information can be added or existing information revised. Subsequent 
research can be focused on parts of the landscape that display greater complexity and 
require more detailed observation or where forest management practices require site 
specific soil information; 
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4. Additional site infonnation. In addition to providing a description of the soil pattern, 
descriptions of the coverbed-regolith distribution and topographic features are also 
provided. These attributes are of value to forest managers. For managing roading, 
mechanical harvesting, and for recognising areas susceptible to erosion; 
5. Highly accessible. Land systems boundaries can be stored on a GIS and integrated 
into current forest management GIS. In addition, a GIS interface can be constructed 
detailing the topography, coverbed-regolith and soil pattern, together with forest 
nutrient and productivity data characterising individual land systems. Complemented· 
with field handbooks containing the same land system infonnation, soil and site 
infonnation becomes highly accessible to users both in the office and in the field. 
6. There is potential for automatically disaggregating land systems using soil-landscape 
models if DEM and remote sensing land derived attributes can be used as inputs to 
rules that encapsulate the soil-landscape model (Bui et ai., 1999a). 
8.5 Recommendations for future research 
During the course of this study a number of important questions have been raised and 
the need for further research has been highlighted. 
• Further research is required to decipher the extent and character of the pre-Rotoehu 
loess units and investigate the erosional unconformities identified. 
• One of the strengths of the land systems framework highlighted in this study is its 
ability to be revised, as new soil infonnation becomes available. Only a single land 
system has been examined in detail. The variability in foliar nutrients and 
productivity indices identified across land systems suggest that further detailed 
description within land systems is likely to benefit forest management. 
• Rainfall was identified as an important factor driving the variability of the soils, 
forest nutrients and forest productivity, either directly (leaching) or indirectly (forest 
health). At present, available rainfall data and other climate data (e.g. temperature) 
are sparse and were insufficient for incorporation as a covariate in the various 
statistical analyses carried out in this study. The implementation of rainfall and 
climate monitoring on the southern Mamaku Plateau is seen as important and would 
provide quantitative data that may help decipher the variation in soils, forest nutrients 
and forest productivity identified in this study. 
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• The low nutrient status of soil horizons underlying the A horizon identified in 
Chapter 7 is of major concern in terms of maintaining adequate nutrient availability 
for tree growth in future rotations. Payn et ai. (1999a) concluded that forest 
productivity would decline with subsequent rotations as a result of declining soil 
nutrients on the southern Mamaku Plateau. The influence of abiotic factors on foliar 
N variability was suggested in Chapter 5. Field observations of A horizon 
disturbance caused by forest harvesting machinery and high short-range variability in 
A horizon thickness (R. Hill, unpublished data) support this. The effect of site 
disturbance on soil nutrient availability (and therefore foliar nutrient status) warrants 
further investigation. 
• Forest health was interpreted as the factor influencing forest productivity in the 
ravines of the Mamaku land system (Chapter 6). Quantitative descriptions of disease 
symptoms and extent are required in U3. Research could include the development of 
GIS based DEM incorporating solar radiation models to predict forest health over 
changing topography. 
• Further development of a sample design using land system stratifications is likely to 
improve the positioning of foliage sample plots and permanent sample plots, 
providing an improved picture of forest nutrient status and productivity. This would 
aid land management monitoring, by more specifically identifying soils on which 
forest nutrition and productivity are declining and land management practices are not 
sustainable. 
• There is potential for forest managers to use the land systems approach and 
associated results to improve sustainable land management on the southern Mamaku 
Plateau. This could include strategic application of fertilizer to improve forest 
nutrition, or disease combating sprays to improve forest health. Generally, the land 
systems approach could provide the framework for strategic land management in 
other forest estates, with potential to reduce management costs and improve land 
management. 
• The production and development of a descriptive field handbook together with a GIS 
interface describing land systems and their soils is required for effective extension of 
soil information to forest users. The development of automated soil mapping based 
on a DEM is another logical progression of the research provided here. However the 
accuracy of the contour data provided on the GIS and the difficulty in recognising 
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topography with minimal relief may hinder this development, especially where a 
forest cover exists. 
8.6 Main conclusions 
1. An improved interpretation of the geomorphology, Late Quaternary erosion history, 
and coverbed distribution on the southern Mamaku Plateau was constructed using the 
soil stratigraphy of coverbeds. 
2. The short-range distribution of the Taupo Ignimbrite veneer deposits on the upper 
Mamaku terrain exhibits similarities to the model that detennines the distribution of 
valley ponded ignimbrite in topographic lows and associated ignimbrite veneer 
deposits over sloping and elevated topography at a regional scale. The recognition of 
the presence of Taupo Ignimbrite on the southern Mamaku Plateau is an important 
insight into short range and regional variation of Pumice Soils. 
3. A land systems approach is an effective method of providing explicit soil and site 
information for forest management at different levels of spatial resolution. 
Stratification using land system strata is effective in detennining the spatial structure 
of soil morphological properties, forest nutrient and productivity variability. Soil 
morphological property, forest nutrient and forest productivity variability is 
structured at different levels of spatial resolution within the soil-landscape. 
4. Regional rainfall over the long range and Taupo Ignimbrite thickness over the short 
range are the main effects controlling the soil pattern. 
5. Rainfall regime, climate, forest health and forest management practices are the main 
effects controlling the spatial variability of forest nutrients and productivity in U3. 
Foliar P and foliar' Mg levels are low throughout U3 but the effects of rainfall and 
forest health mask their effect on spatial variability of forest productivity. 
6. Strong relationships were established between P. radiata nutrient and growth 
variables and soil chemical properties in a pot trial. The main effects (factors) 
controlling shoot growth and nutrient uptake are soil nutrient availability, P sorption 
and Mg inhibition. The A horizon is by far the most important source of nutrients in 
the soils described in this study. Preservation of the A horizon is therefore critical for 
sustainable forest productivity over future rotations. This is best achieved through an 
increased knowledge of the areas susceptible to A horizon degradation, and the 
implementation of appropriate site specific forest management practices. 
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7. In this study, the soil is recognised by the forest, in tenns of forest nutrient and 
productivity variability, to be relatively unifonn. This reflects the unifonn nature of 
the aeolian coverbeds dominated by rhyolitic tephras from the Taupo Volcanic 
Centre. 
8. In regions of New Zealand where aeolian coverbeds are not a feature of the soil-
landscape, spatial soil-plant relationships will be more complex. In these regions, it 
is envisaged that a resulting finer grain partitioning of soil and forest variability using 
the land systems approach will greatly enhance site specific forest management. 
9. The land system approach should be further developed, and extended across the 
remainder of Kinleith Forest. Integrating soil and site information into an existing 
GIS, and providing infonnation synthesis in the form of a GIS interface and a field 
handbook, will ensure effective extension to forest managers. 
8.7 Closing statement 
This study comprises a large field component. In such a study sampling restrictions and 
compromises are imposed by the complex array of forest management histories, forest 
operations and the logistics associated with accessibility. As a consequence, sampling sites 
and design are to some extent a compromise between the requirements of the research and 
the practicalities of working within a commercially operative plantation forest. The 
positioning of the sample sites in Chapters 5 and 6 are a testament to this. 
There is no doubt that the results, their interpretation and the conclusions presented in 
this study are a significant step forward in the development of an explicit and practical 
method for providing soil information for use by forest managers (the land systems 
approach). The understanding of relationships between the soil, coverbeds, landfonn and 
P. radiata variables on the southern Mamaku Plateau, together with the effects influencing 
the spatial variability of these variables, is greatly improved. The findings provide a 
fundamental base from which future soil-landscape and soil-plant research can be 
developed and forestry management improved. 
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